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FOREWORD

This compilation of papers and reports is the final report for
Contract ME-(NGR-01-003-008), "Computer Techniques for Multivariant
Function Model Generation Emphasizing Programs Applicable to Space
Vehicle Guidance". The work was performed by those listed as authors

of the papers and reports, for the National Aeronautics and Space

Administration, Electronics Research Center, Cambridge, Massachusetts.
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A METHOD FOR DETERMINING OPTIMUM RE-ENTRY TRAJECTURIES

By
William F. Reiter

Grady R. Harmon
Jne W. Reece

SUMMARY

The Pontryagin Maximum Principle is used to formulate the prob-
lem of finding optimum atmospheric vehicular re-entry trajectories.

The optimization problem is that of minimizing an integral which is

a function of the state and control variables. The vehicle's motion

is assumed to be influenced only by a gravitational force and an

aerodynamic force. The problem is formulated and the necessary equa-

tions are developed simultaneously for three sets of Euler angles.

Computational procedures are suggested so that numerical trajectories

may be generated.
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I. INTRODUCTION

This paper is an extension of previous work done by Grady Harmon
and W. A. Shaw, presented in NASA TM X-53024, March 14, 1964.
The objectives of this paper are (1) to present a method for

treating optimum re-entry probiems in a simplified manner and (2) to

_generalize the computational scheme outlined in the aforementioned

paper. The computational scheme given allows for the optimization of
any functional subje:t to the specified constraints. Atmospheric data,
vehicle configuration and aerod&namic coefficients are incorporated in
the computational scheme in tabular form. Thus, different vehicles "
and/or atmospheres may be considered by changing the appropriatetables.
The governing equations are developed for three different gimbal sets.l
A computational scheme is outlined for each case.

No numerical results are available at present, but development of
the computer deck is underway at the Electronics Research Center.

This work is sponsored, in paxt, by a grant, NGR-01-003-008, from

.

the Electronics Research Center.
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II. STATEMENT OF THE PROBLEM

The problem is that of finding the optimum control process, ay(t)f
that will transfer a vehicle from an initial state, at time t,s in an
atmosphere to a terminal state, at time t;, in the same atmosphere
so that the value of the functional - - ' o

tl'

J = CfRX, %, 0,0, 0

y’ ¢pn A“na s FI‘) dt'

4

%o

is a minimum. The trajectorxry associated with this optimum control
process is the optimum trajectory.

The rotational motion of the vehicle is treated in a simplified
manner. The equations governing the vehicle's rotational motion are
considered as a steady-state problem with only one cumponent of the
angular velocity vector present.for any given gimbal set. A gimbal set
is used to measure the Euler angles, ¢r, Qy, and wp' The equations of
motion are developed simultaneously for three different gimbal sets.

The problem is formu'ated as a Pontryagin initial value problem.
The relative velocity equations appear as algebraic constraints. The
yaw angle of attack, ay(t), is the control variable.

Additionsl assumptions are made as follows:

1. The motion of.the vehicle is influenced by an aerodynamic

force that acts through'the vehicle's center of pressure.

2. The attracting body is a rotating sphere with homogeneous mass.

-~

-
) . . L . -

o o . -
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4,

6.

3

The vehicle’s centroid of mass and centroid of volume are
not coincident.
The vehicle's center of riss is invarian*® with respect to

che vehiclea.

The center of pressure of the vehicle is invariant with

respect to the vehicle.

A syciem of roll control jets is available on the venicle

that produce a pure roll couple as required by the optimum

control process.

-~
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III. COORDINATE S{STEMS

Three rectangular coordinate systems will be used in this paper.
‘They are: '

1. The plumbline space fixed coordinate system,

2. The vehicle fixed missile ccordinate systenm,

3. The aerodynamic coordinate system.

A. Plumbline System

The plumbline system, Figure 1, has its origin st the earth's
center with the Y-axis parallel to the gravity gradient at the launch
-

point. The X-axis is parallel to the earth fixed launch aziuuth and

the Z-axis is chosen to form 3 right-handed system.

B. Missile System

The missile system, Figure 1, is located with its origin at the
center of mass of the vehicle and its y_ axis parallel to the longitudinal
axis ol the vehicle. The x and z, axes are chosen to form a right-
handed system which is parallel to the plumbline system at the launch
point.

As the vehicle moves along its trajectory, the missile system under-
goes a displacement with respcct to the plumbline system. This dis-
placement is given Ly three Euler angles as measured by a gimbal sét.

The Euler angles uniquely specify the orientation of the vehicle at any

time. Apny particular orientation of the vehicle may be described by

4
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different sets of Euler angles depending solely on the sequence in which
the anéies are measured. Thercfore, it is mandatory that a specific
sequence be followed in measuring the Euler angles, The three Euler
angles are referred to as the yaw angle, ¢y, the roll;angle, ¢r, and
the pitch angle, ¢p, The vaw angle is measured with respect to an
X axis. The woll angle is measured with respect to a Y axis, and the
pitch angle is measured with respect to a Z axis. An angle is considered
positive counterclockwise when viewed from the positive end of the axis
about which the rotation is taken. The angles are measured by a set’
of gimbals on the vehicle. A gimbal set measures the Euler angles in
a specific sequence such as pitch, yaw, and roll., In this paper,
equations ghat involve the anglés yaw, roll, or pitch are developed
simultaneously for three different sets of Euler angles. The angles ;re
obtained from three gimbal sets. They will be referred to as follows:
1, . A gimbal set which measures in the order of pitch, yaw,
roll. ¥
2. A gimbal set which measures in the order of pitch, roll,
yaw.
3. A gimbal set which measures in the order of roll, yaw,
pitch. | .
The Euler angles are shown in Figures 2, 3, and 4.

A position vector in the micsile coordinate system may be written

in terms of a position vector in the plumbline coordinate system.

e —— T ——— T A [
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The equations of transformation are given Dy the orthogonal zotation

matrices

~ -
1 0 0
( 9)),] L. 0 cY sY ,
' 0 -SY cY
e 1l -
CR 0 SR
{-¢r] = 0 1 0 . -t
-SR 0 CR [
- o
~ -
cp sp 0
1) = -SP cp ) .
( p]
0 0" 1
b -

The particular combination of the above rotation matrices that relate
a vector in the two coordinate systems is dependent on the gimbal set
used. The relationship for gimbal set 1 is

% = ed o) 9] X ‘ (1a)

P
or

X = (Al . X . (iv)




TRV ORI, LRI S TILDA Bt Ve ot B

" Fig. 2. Eulerian angles for gimbal set 1 - .
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where

CRCP+SPSRSY

(g}, = -CYSP

-SRCP+CRSYSP

is the combined product of the rotation matrices in equation (la).

When Qy = 90° gimbal set 1 is oriented so that . and ¢p are measured

in the same direction, refer to Figure 2.

to as gimbezl lock.

CRSP-SRSYCP
CYCP

-SPSR-CRCPSY

The relationship for gimbal set (2) is

CRSP

CYCP~-SYSRSP

X, = 8] [0 [9p] X
or
4 o= [Ag), X
where
CRCP
[Ad]2 = |-CYSP-SYSRCP
SYSP-CYSRCP

is the combined product of the rotation matrices in equation (2a).
Gimbal set 2 is locked when @, = 90°, At this orientation, rvefer to

Figure 3, ¢y and ¢p are measured in the same direction.

~SYCP-CYSRSP

This condition is referred

SRCY

SY (1c)

CRCY

(2a)
(2b)
SR
SYCR (2¢)
CYCR
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' Fig. 3. Eulerilan angles for gimbal set 2
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The relationship for gimbal set (3) is

X, = [0, [8] 21X

or

where

-

CPCR-SPSRSY ~ SPCY  CPSR+SPSYCR
[A4]

-SPCR-CPSRSY CPCY  -SPSR+CPSYCR

-SRCY -SY CYCR

is the combined product of the rotation matrices in equation (3a).
Gimbal set 3 is locked when ¢y = 90°, At this orientation, refer

to Figure 4, wp and @, are measured in the same direction.

(3a)

(3b)

(3¢)

The transformation matrices (1lc), (2¢), and (3c) will be referred

to as

[Ad]3 where i = 1, 2, 3.

Equations (1b), (2b), and (3b) are restated as

X, o~ g X%

(45

L
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' Fig. 4. Eulerian angles for gimbal set 3
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C. Acrodynamic Cocordinate System

The aerodynamic coordinate system is located as shown in Figure S
with its origin at the center of pressure of the vehicle. The Y, axis
lies in the plane containing the vehicle longitudinal axis of symmetry

and the relative velocity vector. %iie relative velocity vector, V ,
is defined as the velocity of the air with respect to the vehicle as
measured from the irertial reference. The Xa and Za axes are chosen

to form a right-handed system. As the vehicle moves along its tra-
jectory, there will be a relative displacement between the missile
fixed coordinate system and the aerodynamic coordinate system. The
direction of the Y, axis is defined by the following rotations as shown
in Figure S:

1. Rotate the vehicle fixed reference frame about the Ym.
axis so that the Xm axis lies in a plane parallel to
the plane formed by the vehicle's longitudinal axis of
symmetry and the felative velocity vector. The angle
traversed is referred to as the yaw angle of attack, “y'

2. " Rotate about the new Z axis by the true angle of attack, o*,
This specifies the orientation of the aerodynamic coordinate
system.

The true angle of attack, o, will be exﬁressed in terms of the

aerodynamic force in the next section.

b 8
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Aerodynarnic and missile coordinate systems
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A posit

[

on vector in the aerodynanic coordinate system may be

=
¢
rl
c}
rt
(¢}
o
[ 8
=

ct
o«

&1

£

W

(o]
1 37
1 2]

position vector in the missile fixed coordinate

system. The orthogonal transformation matrices are

Ca* ~Sa¥*
[~a*] = Sa* Ca*
0 0
and
Cay 0 ) -Say
= - 0 1 0 .
[ay]

A positive vector ia the aerodynamic coordinate system is expressed

in terms of a position vector in the missile fixgd reference as

X, = [0 % ., (sa)
or

X, = [AJ X, ., (sb)
where

) Ca*Cay ‘-Su* -Ca*Sa;‘ )

[Ag] = Sa*Say Ca* -Sa*Soay (5¢)
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is the combined procuct

o

£ the rotztion matrices in equation (5a).
The aerodynamic coordinate sysiem transformation matrix (5¢) :s inde-
pendeut o the sequence used in measuring the angles yaw, roll, and

pitca.
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Iv, MECHANICS

A. Forces
Two forces are assumed to act on the vehicle as it moves along
its trajectory. It was assumcd that the avtracting body is a homo-
gencous sphere. Taus, an inverse square gravitational force is

written in terms of the plumbline coordinates as

=

- -r
F .2 e
g R

X . :
W . (6

Tne venicle's wmotion is also influenced by an aerodynamic force. The
force lies in the plane formed by the vehicle longitudinal axis of
symmeiry and the relative velocity vector and passes through the cen-
ter of pressure of the vehicle, as shown in Figure 6.

The components of the aerodynamic force are defined ty the

eguations

F, = AqCy (a%) , (7a)

F, = AqC, (a%) . (7v)

17
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Fig. 6. Aerodynamic force compoﬁents Fy and F,
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; A is tie projected cross-section arca of the vchicle and q is the

¢

¢ cynamic prossure. €, and C, ave experimentally deteramined facters

R that arz dependent on the vehicle's shape and tiie angle of attack.

£ it is assumed that C; and Cy are kKnown. The aerodynamic force is

¢ exprassed in tae aeroGynamic Systicm as

¥ .

¥ - w *

§ [-FzCa + FySa :

: F, = l-ryCa* - FSa* «(8)

> .

g v

g The aerodynamic force is expressed in terms of tae missile fixed

; relerence as -

4 i

F

:

: = T = '

: Fam = [A]l" Fa - (8a)

§ (Note: Tae sywool [A]T is used to denote the transpose of matrix A.)

& -

§ Equatiocn (%9a) can be written in componeat form as

:

3

3 Fanx Ca*Cay  Sa*Coy Say r:FaSaCa* + FaCoSa*

v - v* w - * o w
Famy = Sa Ca 0 F,C~Ca F,SaSa*|. (9b)
n - % - * ~
Famz | Co*Say, Sa*Say Cay 0

Whea simplified, equation (9b) becomes

’

Famy -SaCuy
Fany| .~ = Fa -Ca ' . (9¢)
Fang SaSay
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where the magniltude oI the zerodynamic force is

*r3
®
(7}
N

N €19

and ¢ is expressed in terms of the componeats of the aerodynamic

force through the equations

The nmagnitude o the aerodynamic force is related to the

velocity through the dynamic pressure by the equation

q ‘= 1/2 p Vp?

» S

’ flla)
» (11b)
. (11c)
relative
. aa

1
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t is essumed that the atmospaere nornally moves with the attracting
bocy (8). Hemce, at all times there is an air mass movement with
rospect to the plumbline coordinate system. W is a vector that represents
any abaormal air movement. Aa eguation expressing the velocity of the

wind may be written as

Ving = Ye X X + W : . (3)

The relative velocity cquation .s

X = Vwind

<

A . a9

-

‘When eguation (13) is substituted into equation (14), the result
is ' r

V. = X + X xXwe =~ W »  (15a)

or, in component form, | .

r-t “—-— e R - ~— -1 — |- —-—
v X X w W
RX ex X
- - W . 15b
Vay Yole | Y} ox e Y (15b)
\Y yA yA w 1)
YA A Z
L- R — |- . - - loee ¢ - b -

The relative velocity may be expressed in texms of the aerodynanic,

missile, or plumbline coordinate system variables. The relative velocity




.

22

v

vector is written 1n the missiie coordinate systeom as

g eep e

V = [A] V = 1w (16)
¢ o] d - R a T
§ b .
:

f where

+

H

[ — v

; v

; rmx

§ -

§ Ve = Vimy

£

i TR

g - o

!

is the relatives velocity vector in the missile system and

’ 0
v ={ Vv r
: r by
1
0
L -

D
~

ne relative velocity vector in the aerodynamic system. (Note that

.

equation (18) represents three possible ecuations depending on i.)

e
[77]
T

3 Tae resultant force acting on the vehicle written in the plumbline
coordinates is

pa— ——

p. : Rt Fpov [l Fam : (17)
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B, Counles and Moments

he wotion of tho vehicle is influenced by a moment and a couple.

It Is assumed that the ceater of pressure and the center of mass are
invariant with respecet to the venicle. Thus, the center of pressure
is located by a coastant position vector, §;p, in the missile fixed
reference. The zerodynamic wmoment is given by the vector product of

—
-
- N

the position vector, X, and thne acrodynamic force, F . The aero-
c am

dyncmic moment is written in the missile fixed reference as

v = X ¢« F
Tam cp * Fam ’
or °
- -
M -1 r r SaS + .
amx P Yo% FachCa
M = ':: . - X .
ary a chSc.Cuy FachSaSa
|
hYA ) ¢ + :
Mamz a xcpC“ Fa-ycps“c“y

(18a)

(18Y)

A system of roll jets is used to produce a pure roll control coupie

about the Y_ axis. The jets are located with respect to the missile

w

fixed coordinate system so that

o 1 - —
Fr 0
F =.] 0 located at Z_ = 0
Tl T
0 Zr
=3 ) iy ol

PR S P
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= | 0
T o= 0 located at -2, = 0
T2 T
0 -2
| L T
yield a roll couple
M= Z x F
. 2 ( . X Fr) . , (19a)
waich may be expressed as ”
. 0
M_ = 2 - .
M 2 F | . €19b)

The resultant mcment about the center of mass of the vehicle in the
aissile fixed coordinate system is tiae sum of the roll couple and

acrodynamic moment

V = -Z\l—: + :\;‘: . (20)

~ - - -
FaycpuaSay * FachCa 0
¥ ={-Fz § - ' S ' 2
. Fa - aCay FaxcpSaauy + ZZrFr , (21a)
-FaxcpCa + Fay cpSvay L 0
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whicih can e reduced o

raprSabay + FachCa

M = - -

M 2L_F.. FaszSaCay FaxcpSaSay . (21b)
-Faxcpca + FaycpSaCay

. C. Equations of Motion

: it is possible to interpret the motion of a rigid body as the sum
of two indenencent effects--the motion of the center of mass of the

vehicle with respect to an inertial coordinate system and the rotational

o

£

motion of the vehicle zabout its center of mass. The motion of a rigié

body in general reguircs six independent coordinates to specify its

orientation at any time. The six independent coordinates used in this

roolen are the three plumbline coordinates ana three Eulerian angles.

9,

Tae translaticnal equations oX motion are written for the center

-

¢ mass in tne inertial reference as

Fp = nX (22a)
g o
b
» oY
; ?g + [Ad]fl F, = mX , (22b)
E where .
3 , - .
X

=}*
n
-
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rotion become

-).: = - G ‘/'.i- + fa 1T ram
— LndJ —
RS 4

- - " -
u X
u = v . = Y =
w yA
— = — -

X .

Wnan the apove transformation is used, the second order differential
?

equations o mction, (22c), reduce to

T o= -

a

g = - G M

IRI3
T ¥ F -
A — 2 _&N = F* N,

2 61— 4 {170 e

»

(23)

(24)

(25)

(26)
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where

and

where

anAd

where

1

N

and
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F* = f.a.
a m
N
Nl =]|P
Q

-(SuCay)(CRCP+SRSYSP) + CaCYSP + (Sa§hy)(-SRCP+CRSYSP)
-(SaCay)(CRSP-SRSYCP) - CaCYCP - (SaSay)(SPSR+CRCPSY) (27a)

-(SaCay)(SRCY) - CoSY + (CRCYSuScy)

N

A
N

1]

]

QU

-(SaCay)(CRCP) + Ca (CYSP+SYSRCP) + SaSuy (SYSP-CYSRCP)
-(SaCay)(CRSP) - Ca (CYCP-SYSRSP) - (SaSay)(SYCP+CYSRSP) (27b)

-(SaCay)(SR) - Ca (SYCR) + (SaSuY)(CRCY)
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where
N | - (SaCay) (CPCR-SPSRSY) + Ca (SPCR+CPSRSY) - SoSa, (CYSR)
Pl = -(SaCay)(SPCY) - Ca (CPCY) - SaSay (sY) (27¢)

Q| ~(SaCay)(CPSR+SPSYCR) - Ca (-SPSR+CPSYCR) + (Sany)(CYCR)
3

When these definitions are used in equation (24), it may be written as

u = gX+F N (28)

It is convenient to write the rotational equations of motion in
the Lagrangian form. When the Eulerian angles (pitch, roll, yaw) are
generalized coordinates, the rotational equations of motion take the
form

d {oT oT .
e el T vl . j=p, Y, T (29)
dt( ‘”j) 5 "

T is the rotational kinetic energy of the vehicle and M¢_ is the
J

mement associated with the ¢j rotation. Based on the assumption of an
offset center of mass, all components of the ineitia matrix are assumed

to be non-zer:. The inertia matrix is
Ixx -Ixy 2

W o= |1, I, -1, (30)

“Iax | ~Izy Iz2
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a¢ rotational Kinetic energy may be expressed with respect to the missile

fixcd coordincte systeon as

wiere w is the angular velocity of the vehicle in the missile fixed
coordinate system.
When expressions (30) and (31) are substituted into equation (29),

the result is

—
~
v
)

ne angular velccity vector, w , is obtained frem a coordinate

.

transiormation ol the angular velocity components 5&, ﬂr, and ¢p into

[¢)

«
A
s

missile Jixed reference. The transformation is dependent on the

)

espect to the missile coordinate system. The angular velocity

- 4
P
ct
135
*
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.

component 9 1

Y

Totation matrix

gulaxr velocity component ¢

30

trausformation is

T
= [-0]

&

reference by ise of two rotation matrices as follows

.~ -
inus, tihe angular

14

v

p;missile

-

eloci

-
v

- 0"

y vector

missile

(o

]

|-

is expressed in the missile

fixed

the missile fixed reference by use of the

(33a)

(33b)

g



wiaich may be expresscd as

wiiere

and tae transformation matrix

(8]

A sinmilaxr arzument 1is used

-4

sets 2 aué 3

(A, ]

[Au]

w = [ 17 , (33¢)
1
T ¢ -
Yy
P = 6. ,
™ R 0 SRCY |
= ‘ 0 -1 3Y . (34a)
L-SR 0 CRCYJ

to develop tranciormation matrices for gimbal

[ 0 SR
= | 0 oY CcrsY (54b)
0 SY  CRCY
TP o-spCY 0|
= | -e» -cPCY 0 : (34¢)
0 sY 1
L. -
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The ansular velocity vector, w, is restated for the three gimbal sets as

=4

i=1,2,9 . (33)
It should be noted that the transiormation matrices {Aw] are nowv
orthogonil.

By use of the expressions obtaiied above, the rotational equations

o< motion bacome
= - [ r, - 9 -
. =]C] M, _(19’_1,4 1 Aol +
gpl !-—J‘:L /“: ’LJ‘-I'L Uw'_..l:)/‘_l[wb
w TSI + B
LwJ;%JILwi /Q'"L C ,(_36)
waere
-1
~ ("ﬂ,é —l—r -’lr “}
[\_. : :E_i" ;w‘Jz, LA L’L'w—,;_l » (37a)
T
= T 504 ] -
- _ d:__ UJ_,',: r—! ]
Dj = 975 L/AJL-A“U 564' (37
J

| .
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Srginres et 3

S s T R Y e Lt st e UL ]

_ T —
M a (A] M. . (37¢)
94 Wy A .
3 9
Yy Yy
Bi - Br , and ﬁi - (01. . (37d)
B 9
T
L pui b -
i = 1.2,3 j = P:)':r

Definitions for ¥ and ¥ are introduced that conform to the simpli-

fications roforved to in the problem statcment. These definitions will

"

be used throughout the vemainder of the paper. For gimbal set 1:

0 0

¢1 = 0 and ¢1 = ¢r ,
0 | 0

foxr gimval set 2:

0 \ éy

‘ﬁ. = a 3

2 0 and ¢2 0 ,
0 0
- o - o




o, i p— e o o

34
and for ginbal sct 3:
0 0
¢3 = | 0 and ¢3 = | 0 .
0 9

it is noted that each of the matrices in the mat#ix preduct of
ecuation (37a) is noa-singular. Thus, the product is non-singular,
and the rotational equations of motion, (36), can be reduced to the
following form for each gimbal set. .

M = TG DT 01 g ;

\

[Awlz [u] %‘E [A“’]i) 51 - Ys'ij . (38)

Three rotational equations of motion are obtained for each gimbal
set from equation (38). The thrce equations may be solved for three
unknowns. Because a particular computational procedure is anticipated,
the equations for each gimbal cet are solved for the roll force, F,

the angle, a, and the angular velocity component that appears.
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Gimbal Set 1

The three rotational equations of motion are:

- 2 -
-¢r IZ)' a ra)'cpSQqu + FachCQ
0 a -FachSaCcy - FaxcpSaqu + 2F.2,
é 21 F C F SaC
zxy T Tra¥ep v Fa¥ep®ty

The first and third of equations (39) are solved for

IzyxCD - Ixych

The second of equations (39) is solved for

. i : FaSa (xcpsay + chCuy)

27
T

and the third is solved for

0. = :\/ Fy (repSalay, - xcpCa)
r —

Ixy .

. (39)

. 2423)
., (43a)

. (44a)
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Gimbal Set 2

The rotational equations of motion are:

0 m FY SeSa <+ FZ Ca
a cp y a cp

+ 2

P L = FlpSeCay, - F X SaSay + 2P.Z, ~(40)
. -

62 1., FX.,Ca + FY SaCa

The first of equations (40) is solved for

-Z

¢ = arctan . _ ) (42b)

Y Sa
cp Yy

The third-. of equations (40) is solved for

. F (X C -~ Y_ SaCa ) -
o, = _Zya( cp cp™ 2y DL (43b)

Ixy

and thesecond is solved for

621 + FSa(Z G + X Sa)
F - y Xz a Cp y Cp )’ . (44b)

r 22

T

“~
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Gimbal Sect 3

The three rotational equations of motion are:

I = FY SaSa + FZ Ca
P Yz acp Y acp -

. ) )
P, L, - “FilepSala, - F X  SaSa, + 2FZ.. . (41)
0 = -FachCa + FachSaCay
The third of equations (41) is solved for
. X,
a = arctan —P « (42¢)
Y Ca : .
cp r

The first of equations (41) is solved for

_.\/F (Y SaSa + 2 Ca)
a c¢p y cp

=

- + - e (43c)
P - ‘I
y2
é .
and the second is solved for

S (Z Co + X S0 -02T

a cp Yy cp_ Y P X2
Fr - " -, . (44c)

X
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V. THE RELATIVE VELOCITY CONSTRAINTS

\
The fact that the relative velocity vector may be written in terms
of the three coordinate systems constitutes an algebraic constraint

given by

V = [A,] (16)

— T —
V =
m [Aa] ' Vr

i R )

where V}n is the relative velocity vector expressed in the missile
coordinate system. Vector equation (16) yields three equations for
each gimbal set. The three equations of each set are not independenty
Hence, they may not be solved for three unknowns. For each gimbal set,

the three equations are solved for two angular displacements. The

uniqueness of these angular displacements is discussed in Appendix B.

Gimbal Set 1

The constraint equations are:

(CRCP+SRSYSP) V

rx (CRSP-SRSYCP) VRy + SRSYVR = V

Z ™mx

(-CYSP) YRx + CYCPV + S\’VRZ =V (45)

Ry

(-SRCP+CRSYSP) V. =  (SRSP+CRCPSY) vRy s YW w ¥

- 38

. ooy o O s e £ T

/
)
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The first and third of equations (45) are solved for

IV, -V '\/ T P VL .
"Ry RX RX " "Ry

2 2 , (46a)
(VRx + VRY) ‘
+ and
TV% " iy Vix - 9% viY
CP = . > " (46b)
Rex * Vay
where
J s CR V - SR V ’
TMX ™M . r
Sp
' ¢p = arctan —— . (46¢)
Cp

-

As shown in Appendix B, equations (46) may be solved for a unique value

of § only if
P b4

The second set of equations (45) is solved for

' A 2 2 2
vV V. - K “V[v -V + K
) ™y RZ RZ m .
.Sy = =X - - 2 . (47a)
(VRz + K) :

—



aiad

and
2 2 2
V. K + V fv -V + K
m RZ RZ n
cY L Y J.. » (47b)
‘ : (vz N KZ) . S
RZ
where

K = CPV.. -~ SPV

RY RX ’
¢y = arctan %% . e (47¢)

As shown in Appendix B, equations (47) may be svlved for a unique value

of only if
P, only if

"

Gimbal Set 2

The constraint equations are:

CRCP + VRYCRSP + V,.SR =V

v RZ rmx

RX

-VRxCPSRSY - VRXCYSP +. VRY(CYCP-SYSRSP) + VRZSYCR = vrmy (48)

CRCY = V

VRX (SYSP-CYSRCP) - VRY (SYC?+CYSRSP) + VRz ' Vemz
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The second and third of equztions (48) are combined to give

VRX SP

which is solved for

SI' =

and.:

Cp: =

where

‘ 2 2 2
FVex t Vay -\[VRX - Fov Wiy

-V cY + V SY
my ™mz

2 2 2 .
FVey * Vx -\/_Vax F* - Vv

2 2
(VRx + VRY)

F

+ V2 )

2
(VRX RY

-V CYy +«+ V SY
Ty mz

¢p -

arctan SP
cp

, (49a)
(49b)
. (45¢)

\J

As shown in Appendix B, equations (49) may be solved for a unique value

of ¢p only if

© o va———

-

SA
=




o DA A e = R e

g e m
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The first of equations (48) is solved for

2 2 2
V..V - G -\/ VAR + G
SR - RZ 1mX 5 RZ 5 TIX , (soa)
(Vpz - €6 :
and
) 2 2 2"
GV ¢ V '\/ " -V + G
SR = mX RZ . RZ mX (50b)
2
(VRz + G“)
" where ,
G= Vo, CP + V, SP ,
- SR ‘
¢r arctan R . (50¢c)

As shown in Appendik B, equations (50) may be solved for a unique value

of ¢r only if

Gimbal Set 3

The constraint equations are:

VRX(CPCR-SPSRSY) + VRYSPCY * VRZ(CPSR+SPSYCR) = Vrmx

~Vpy (SPCR+CPSRSY) & Vp CPCY + Vp,(-SPSR+CPSYCR) = V (51)

Imy

~VpyCYSR - VRySY  + VpyCYCR -

-

Vrmz
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The first and second of equations (S1) are solved for

' - - 2 2 - 2
Voo A =V \/ v - A"+ V
Ve * VR
and
2 2 2
V. A + V '\/ v - A° + v
2 2 o .
ez * Vil -
where
A = (CP Vrmx - SP Vrmy | , .
= ta SR . 52
¢r arctan = (52¢)

As shown in Appendix B, equations (52) may be solved for a unique value

of ¢r only if , . ¢

The third of equations (51) is solved for

P 2 2
s o _mtVmz * B-\/ Yevy " Veme * B

2 2
(VRY + B“)

, (53a)
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and
Y = ’ Vémz ’ VRg ﬂvaéz ) Vimz " .32 (53b)
(VRY + B7)
where
B = VRZCR - VRXSR : ,
wy = arctan %; . . | (53c)

"

As shown in Appendix B, equations (53) may be solved for a unique value

of ¢y only if

U A AT St e e
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VI. FORMULATIUN OF THE OPTIMIZAT.C:. PROBLEM

The optimization problem is that of finding the optimum control
process, ay(t), that will transfer a vehicle from an initial state
to a terminal state in an atmosphere in 2 manner so that the

functional

Y

J = f(x; IX, g! ﬂr, ¢y; Qp, a, ay, Fr) dt

%o

is a minimum. Since the Pontryagin formulation is to be used, it is

necessary to write the Pontryagin H function for each gimbal set (5).

Gimbal Set 1

The Pontryagin H function is

1 1 X + A ° u £ AP+ AeJ , (55a)

H1 = Ay " X + )\II‘(g X + Fa 1)
F ()’ Sa Ca,, = X Cq) - e
* )‘7’\/- a‘cp 4 cp + Ag £(X, X, 61,¢: « ay, FI‘) {E5D)
IX}'

45 - .

can



where

>1

46

, and

>

II

The A(t) are auxiliary variables used in a manner analogous to Lagrangian

multipliers in the ¢lassical calculus of variations.

Gimbil Set 2

The Pontryagin H function is

H2 =

Air

which may be expressed as

+

. F. (x_. Ca
a
-"-’\fs\/ =+

where

Y
H2 I1I X
Yep SaCa,,)
Ixy
-
Ag
AIII - k1(’
Al
L

AIV

+ AIV ‘u o+ %15 ¢Y

- *
*(gX + F

N.

2)

* M6 f(.)-(.) i‘o 52:6_;0 s Q@

+ MgJ

yl

]

156a)

(56b)

o
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Gimbal Set 3

The Poatryagin H function is

x
w
|
>
<3
=<
+
>l

'T.f:x.-o-x..],.‘ﬂa
VI 23¢P 24 (57a)

= Ay - X o+ g 0 (gX F;NS)

F (y..SaSa, + z_Ca) .
) a4 °"¢p Y cp ; Y X 0 0 |
2'3\/ + 2, & X, P8, a0, F) (57))
IYZ r

where
= ~
A
17 ]
A, a- | A
v ' 18
X A
19
and
-
A n
20

o S Y

e



48

The expressions for the auxiliary variables are obtained from

the H functions as follows

Ginbal Sez:

- I,
~Ar <5%
*0z-¥) .+ 7O
N/
A (Tn x)39 A Yo 9 Colly = XprCoY {;[,gd‘)/z}
I /5% J:QV a5
£ g
+ }8% : (58a)
% _ 9
T =57
T 3(/ /V) — aFﬁ'
= /T_A /e . Ilg
AI 4 Do + 0 ')&7
505 )’é}

(59a)

o~
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: H {5 ON
~ 2 _—_"i_'_—_f‘{) __/}
7 éa?éa. Q V74 5973-

_x =2 _ o
S a5

Gimobal Set 2

The expressions for the auxiliary variables are: '

i

X eo /) =  —\9E¥
¢ Tox (A 2)9— ,

+ 2% 9 +():2.A‘)<9§Y2

7. ax

£ \/;\z-,ocqz—- G S 5 {c’;(g*)%z
xy

x 257

7% 5%

P

“(61a)

(60a)

(58b)
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5 S,
-A =
T o7
T O M)  ,+ OEYF
= A -/—F‘x‘gt‘fz./_() M, )22
n >, = ‘)a&‘
+ Xop Cot = o S0 Loy a[gﬁ%
Il N EY;
Xy
+ 2, 267 o (59b)
) S, ,:-*f 2; 3@) .
- 45 = —= = / ek (60b)
Y _ OH
_)/6 _é.j_é = O, . (61b)
Gimbal Set 3
| The expressions for the auxiliary variables are:
X =2
Cer (Ror = ) X
¥O( Aoz - My AL A
=t 4 Tag
— %
Ty R29 4 o (IS5 7 2R (057
a 87 - 27 -—
Iyz APYS
.}( .
+ A Q@.—. ' " (58¢)

24 D%




-~
1

P
) N

S1
= DY
- A - 3
Z T oG
By ¥ )\r"’ 7 4/:_#(
W CICE SN AL
FAY72 ey

: N\\ Q

o 2 / yC‘P SO\’JQJ -/'Z(,)DCO( 725
= (7

23
Ly
594;_36 ‘ )
42245,(7 . | o (59¢)
s _ 94, F.;«{-— A }
— — —— - o = . 60
)23 Qgép a )JZZ &Sé’ ‘ ( rc)
Y _ ot
=g = 5\7-:— = O- . (61c)

Equations (61a), (61b) and (61c) imply that Aa, Als' and Azu are
constant. The constant in each case is taken equal to plus ¢ie. This
insures that a minimization of the H function is also a minimization

of the payoff function.
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The necessary condition for a critical value of J is

oH.
T.’-. ‘m 0 . (62)
og . .
y
whersa '
i = 1, 2, 3 .
The inequality
azxi
0 *(63)
e}

wmust also be satisfied to imsure a winimum of the pay~ff function.

(Note: The criteria expressed in (62) and (63) are valid only if the
function is difierentiable at each point om the trajectory.) Partial

differentiation of the H functions as indicated in (62) and (63) pro-

duces the equations given on the following page.
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S, _ 5wl 4 3 D [EleSCy-xp®)
Ja,  EC dw, ~ 70q
o J Vi -Z;y
+ Ay S AE R B )= O (et
4

1

7 ’1/6 ?‘ L6 %, 7Z; 72:%%_,&')'—"0. (64Y;

oo/y

2,‘{3 — _‘F)\{O’\AZ i )‘ 3 (_‘/CPSZJSQJ ‘)LZcp@
A« a R Z
Y Y J gz

F

. .//'{42_)_,[’(55;}){[;" y,q/,ff_') O. (64c)

2y




S %520 2 5,2
2 PA N 2 -
o S B

o, /_, f':>> O. (653"

& _ 7, 4 g @2 F? ACPC‘*"%P& 4)
i s =M

: z 4
2 L R
2 ¢ — o
i A LR Gty £) > O e85
89,2 J
o,
J
S _ 3. T 2 8% | B (4p5i Sty +22,Ca))
oz Tzl 52 T ‘235z
304’5, . o 9 Dddy V _Zéz

The algebraic and differential constraint equations (28), (42),
(43), (44), (46c), (47¢), (49¢), (50¢), (52c), and (53c), and the
characteristic equations (58), (59), (60), (61), and {64) form a
complete set of equations for the problem. To insure that the payoff

functicn has been minimized, the inequality (65) must also be satisfied.
[§



VII. COMPUTATIONAL PROCEDURE

The problea formulated is of a general nature and the equations
involvea are quite comnlex. It is highly improbable that a closed
form soiution can be found. Thewcefore, no time has been spent in
search of this type solution. A computational scheme is suggested
in oxrder that trajectories may be gencrated on a digital computer.
For convenience in the discussion of the computational scheme, the

principle equations are written in functional notation.

Gimbal Set 1

The important eguations expressed in functional notation are: r
a = a(ay? | (66a)
é’r =t ér (asays X, %) . (67a)
o, = 00T T a0) | (632)
o, = 0,0, %X, aa) (692)
X = XXX 7. ay) (70a)
Fr = Fr(a.a ) (71a)
Heoos RO T e ) (723)
55 -



Ginval Set 2

The importiant

= AKX B, 0, A) (73a)
i ‘ y’ i
8 — —
= =—HK X, 7, q, Oy A) =0 (74a)
Y
equations expressed in functional notation are:
= ala (66b)
= X, X 67b)
19)),(“. % ) (67Y;
= 9.0, a,X X ,(68b)
1‘( Yy b4 ) :
- X, X 69b
Qp(ﬁr’ a} ay) b} ) ( )
= XX, X, 8,8, 0) (70b)
= F 0, e a) (715)
= HE X 2.0, 0, 0) (720)
= )‘l(xp X: Q: a, ay: Al) (73b)
? - S
;}:Hz()\a X, ¢ ) &, aya Al) = 0 (74b)
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Gimbal Set 3
The important equations coxpressed in functional notation are:
o = afa ) . 66c¢)
(@ (
2 = = P (o, a , X, X 67¢
b p( y ) (87¢)
= ’ ] ’ Ya 3.:- 68C
0. ¢r(¢p e, o ) | (68¢)
. . X 69
¢y ¢y(¢r, 6, & , X, X) (69¢)
X = XX, X, 0, qa, ay} _ (70¢)
F. = Fr(¢y’ o, ay) (71c)
H3 = Hs(x‘; -X_, fo— y &, a)" )\1) (72¢)
A, = ANEXT A
i 1(>‘» X, 0, q, ayo i) (73(:)
BHS ) e -
o— = o Hs(x. X' ¢ » G, O, ;\‘)= 0 (74C)
3 da yool
Y 4

A complete set of eguations has been developed for each gimbal set,

Tnerefore, three independent, but similar, computational procedures are

PRI

PR .
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written. All tarece computational procedurcs require the following

initial data:

Atmospheric tables for p as a function of position

Atmospheric tables for W as a function of position

Acrodynamic tables for Cx(a*) and Cz(a*) as a functicn of a*
Values fox: .
A R
0
G X
cp
b} z,
M {ul

, and velocity, f;, vectors at the initial

Piusmbline position, X0

point on the optimum trajectory

-

PR
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Comvutational prococure for Cinval Sot

@_, arc recquired, It Is assumcd thiat these values are known. These

Preload Comnutation 1

Use the initial data given to compute the following quantities

in the order indicated.

1. Chcose «_ = -180°

2. Choose the positive sign in ecuation (67a) and compute:
a, o from (66a); iterate (llc) for a*
b. @ _from (67a)
ry

c. @ from (68a)
P




. amare assmaw

[t

from (74a)

3. Choose & = a + 5° and redeat stey 2. Continue until « = +180°,
Y y : = y

4. Repeat steps I through 3 using the negative sign in equation (67a).

-
o
(]
&)
[
(%]
c
[
et
tn
(]

£ Preload Computation I sr.uld be tabulated as follows:

¥ ‘ )
ot on
Ecn. + (67a) | « H Ean. - (67a) | « H 1

~
o
[
<

A plot of H vs o should yield insight as to the number of solutions
&

Y

that exist. Ia addition, this plot should yield a starting value of uy

for the iteration of eguation (74a).

¢ Gl £ ———— e



P et e A Y
Preload Counutation 12

. -

Use the positive sign in ecuation (674) and the results of

o
>4

Prcioad Computatio to itewrate cguation (74a) for a .

Use the ay computed in step 5 to compute

4§ satisiicd, a minimun exists. Proceed to step 12, U-e
the positive sign in ecuation (67a) in all remaining cal-

culations. Ii the ineguality is not satisfied, proceed

3
jo
=
[¢]

guation (67a) and the results from

-] 0

terate equa

o

Preload Computatior I tc tion (74a) for ay.

Use tne ay found in step § to compute

2
9 Hl

sal

. ek



+,

.

nd the

(67a)

€

orrect sign (as determined in

sutation 1I) in ecuation (67a) to iterate (74a)

(4]
3
e
j &
H
b
o
o

cguation

equation

equation

cquation

cquation

step 12 aud the initial data to compute:

(06a); iterate (11c) fox a™

(674}

(68a)

(89a)

(703)

(71a)
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14.

15.

Use tihie intearated values
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frow cquation (73a)

chnigue to integrate

for A .
7
r
from step 14 for the new initial

values in the "N + 1" line computation.

.
T Rt
TTOILIUTC

Computetional

- e
Zcy Gimbal Sor 2

-~
~e

Initial values for

@ auxil

reguired. It is assumed that
data re refexred to as:
A
9
. 0
X a A
IIIO 10 ’
0
A11
0
- -

| ek ARV s e s e -

S Aae
P X OPN

these value

y varishles and the yaw angle are

S @ mown. These initial

A
12
0
Y. = A
IV 13 :
0 0
Au.
0
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4., Repeat stcps 1 thwough 5 but use the negative sign in couation

(675).

The results of Preload Computation I should be tabulated as foilows:

oK
Ean. + (670) | &« | H, | —% Eon. - (67b) |'a | H. | -2

A plot oI HZ ve ay should yield insight as to the numdber oi solutions

that exist. 1In addition, this piot should aid in selecting an initial

value ov ay to be used in the itzration of equation (74D).

5. Use the positive sign in equation (67b) and the results

of Preload Computation I to iterate eguation (74b) for ay.

1
Y

6. Use the value of ay found in step 5 to compute

2
] Hz
da?

b4

PR
RRCPDING PACm BLANK NoT FITMEN

s e e e e ————— 1

|
i
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10. Check to assure that

g A P Ay g

EETTET IV T

1 "N" line computation

o e

(74b) for “y'

ok e

w

.1s satisfied a minimum exists.
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2
BHZ

G g 0

Proceed to _tep 12,

9. Use the value of “y found in step 8 to compute

2

3°H,

2 .
y .

Ja

2
) H2

> 0.

302
Yy

in 211 remaining calculations.

Use the

positive sign in equation (67b) in all remaining calculations.
If the inequality is not satisfied, proceed to step 8.
Use the negative sign in equation (67b) and the results from

Preload Computation I to iterate equation (74b) for o .

11. Proceed to step 12. Use the negative sign in equation (67b)

12, Use the initial data and the correct sign (as determined in

°reload Computation II) in equation (67b) to iterate equation
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of a
Yy

Us¢e <the value

to COT.‘.:)UT.C .

a. & Zrom eguation (6G6Y) ;
o, ¢ Srom ecuation (679)

c. ¢r from equation (&SH)
d. ¢p from ecuation (£9))
e. i' from‘gquation (705)
£. Fr from cquatién (71Yb)
g. Hz from ecuation (72%)
h. i' rom ecuation (73b)

(739)

735
s (75)

14, Use a numerical integration t

computed in step 12 znd the initial data

iterate (1lc) for a*

echnique to integrate

AprfoT App o
x for A,
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15, Usec the integrated values computed in step 14 for the new

initial vclues in the N + 1Y line computation.

Comnurational nrocodure for Gimbal Szt 3

Initial values for the auxilicry varizbles and the pitch angle are
recuired. It is assuned that these values are known. These initial

aata are rererred to as:

> 1
]
>
]
>
-

23

24
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tion I

ll

2.

a given to compute the foilowing cuantities

Choose o = =180°

o

Choose the positive sign in ecuation (67c) and compute:

a. a From (85¢c); itexrate (1llc) for a*
b. ¢ from (67c)

p .
e h VVees

(69¢)

(70¢c)

(72¢)

(748)

Pagirpigey
<300

)
a, =+ 65° Continue until

Y 4
+ 180°,

Choose a

and repeat step 2.

[+3 =
Y
Repeat

D)

steps 1 through 3 but use the negative sign in equation

(67c).
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The results of Prcload Computation I should be tabulated as follows:

3 "
Ecn. + (67¢) oy By | — Eqn. - (67¢) o, i Hy - 3
OQ), oay

A plot of Hy vs o should give insight as to the number of solutions
that exist. In addition. this plot should aid in selecting an initi4l
value for o, to be useu in the iteration of equation (74c¢).

Preload Computation II

S. Use the positive sign in equation (67¢) and the results of
Preload Computation I to iterate equation (74c) for ay.
6. Use the value of &y found in step 5 to compute
3%
da2
Y

3

7. 1If the inequaiity

>
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is satisficd, a mininum cxists. Procced to step 12. Use the
positive sign in cquation (67¢) in all remaining calculations.,

If the incquality is not satisfied procced to step 8.

8. Use the ncgative sign in equation (67c) and the results from
Prcload Computaticn I to itcrate ecuation (74c) for ay.
9. Use the value of ay found in step 8 to compute
52,
)
a 2 ¢
o
Yy
10. Check to assure that
2.
3%Hz '
> 0 . -
B
oa“
Y
11. Proceed to stzp 12. Use the negative sign _.. equation (74c)
in all remaining calculations.
"N'" line computation
12. Use the initial data and the correct sign (as determined in
Preload Computation II) in equation (67¢) to iterate equation
(74¢) for a,.
Y
13. Use the value of o, computed in step 12 and the initial data

Y
to compute:

’

a. & from equation (66¢); iterate (1lc) for a*

b. P from equation (67¢)

éi

S Aets e el
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c. ¢r from equation (68;)
i _ d. ¢y from equation (69¢)
, e. X from equation (70c)
? £, Fr from equation (71c)
g H3 from equation (72c)
: h. i& from equation (73c¢)
i, i&l from equation (73c¢)

j. i23 from equation (73c) )

14, Use a numerical integration technique to integrate

X for X for X ,
¢p for ¢p ,
Xv for iy ,

)\vI for AVI »

A for A
23 23

15. Use the integrhted values computed in step 14 for the new

initial values in the "N + 1" line computation.

? Ses e an
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VIII. DISCUSSION

Th2 problem studied has application to cases involving the flight of
any "unpowered" vehicle through any atmosphere--subject to the assumptions
given in the problem statement. For example any space vehicle rcturning
to the earth's surface must pass.thrqugh the earth's atmosphere. This
paper provides a method for determining an optimum trajectory for the
transfer of the vehicle through the atmospliere. The puy-off function to
be minimized over the atmospheric trajectory is a function of the state
and ccntrol variables. For exémpie, it may be desirable to minimize

-
quantities such as the accumulative aerodynamic drag or the a: ‘odynamic
heating.

In order to solve the rotational equations of motion Zor three
unknowng, it was necessary to introduce particular definitioas for the
angular acceleration, %} and the angular velocity, ﬁ, of the vehicle.

The definitions essentially eliminate all angular acceleration and two
of the three components of the angular velocity for any given gimbal set.
Thus, response of equipment and/or crew on the vehicle to a particular
angular velocity may dictate choice of gimbal sets.

In the numerical generation of a trajectory, it is possible that
an Euler angle will be computed that produces gimbal lock. A trajectory
that produces gimbal lock is not admissible since gimbals will not func-
tion when in the gimbzl lock orientation. Should the situation of gimbal
lock arise, a new set of initial values for the auxiliary variables may

~

73

R T I
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74
be selected and a new trajectory generated. Alparticular 5et Ou
auxiliary variables will yield an optimum trajectory for cach gimbal
set. The trajectory generated will n ° be the same for eack gimbal set
evea though the same initial values of the auxiliary variables are
chosen. No attempt has been made in this paper to determ.ne the initial

values of the auxiliary variables for any of the gimbal cets.
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Experimentally Determined Values of Qx n

*
@ Degrees
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0

5
10
15
20
25
30
35
40
45
50

[
4

60
65
70
75
80
85
90
95
100
1C5
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

APPENDIX A

Space Vehicle
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¢,
0

.014
.028
.040
.052
.063
.074
.084
.056
.118
<148
.182
.224
.208
.318
.372
426
L4886
<545
.596
.628
.690
.728
. 756
.7172
.776
772
« 758
.730
.688
.628
<554
468
.366
« 248
«130

7

+ ++ 4+ +F

R S S A A

1.828
1.812
1.772
1.710
1.626
1.520
1.338
1.246
1.092
.932
.768
.588
416
.256
.112
.020
<134
.236

- 0322

.394
bk
486
.516
«542
+566
.582
.588
.584
.576
.560
.544
.524

10
498
.490
484
«480
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APPENDIX B

Unigueness of Solution for the Euler Angles

The relative velocity constraint equations are solved for two

Euler angles in each gimbal set. The identity
sin? e + .cos? p = 1

is used. Thus, the question arises as to which sign should be used
with the radical that app~-vs. This question is answered for each
gimbal set by considering the way in which the coordinate systems -

are defined.

Gimbal Set 1

A first algebraic solution of equations (45) for ¢p and Qy yields

2 . 12 2 ' )
I Var £ Vxx \F’Rx I iy
SP = » (Bl)
2 2
(VRx *+ iy
and
2 2 2
IVoy + V / Ve, - 3¢ s v
rRx + Vry RX RY
CP = A (82)
2 2
Gy ¢ Vay
77

—




AR AR arey

gy <

78

where
J = CR vrmx - SR Vrmz .
Vemy VRZ * X .\/ V§Z - ngy + K
SY = Vg, + KD » (B3)
and
Vemy X * Vrz -\/ ng - V%my + K
CY = ] (vﬁz + KZ) (54)
where
K = CP ka - SP VRx . .

The identity

sP2 + (CP2 = 1

is satisfied only if opposite signs appear with the radical in (Bl) and

(B2). Let @, = a = 0. Then equations (Bl) and (B2) reduce to

* Vpx
SP = » (BS)
2 2 ’ .
Vex * Vay
and
r Vry
CP = . (B6)
V2, + V2

RX RY
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Consider the positive pitch angle, ¢P, shown in Appendix Figure 1. -

Now restrict ¢p‘ -n £ 2, s,
0
AY .
o, |
/\ /J
— > X
“Vpx
n -1 :
Coordinate System Showing A Positive Pitch Angle
Appendix Figure 1
Thus, the correct signs for the sine and cosine are
p " x
M * " : ’ CB7)
‘ -\/;2- + V2
RX RY
and
+ V
cP = RY . (88)
vi 2
VRx + VRY
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The identity

SY2 + CY2 + 1

is satisfied only i opposte signs appear with the radical in (B3) and

(B4). Lzt %& = $0 and ¢p 0. - Then equations (B3) and (B4) recuce

1o

- RY
SY = ' » (Bg)

and

Y = . 210)

_\/VZ + V2
RZ RY

Consider the positive yaw angle, ¢y, shown in Appendix Figure 2. Now

restrict ¢y' N S ¢y s I

/
Y
o

nmi-n
Coordinate System Showing A Positive Yaw Angle qv

" Appendix Figure 2
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Thus, the correct signs for the sine and cosine are

[}

SY

and

Gimbal Set 2

A first algebraic solution of equations (48) for ﬂp and ﬂr yields

-V,

RY

2

+V

RZ

2
+ VRY

4
'\/Vz + V2
RZ RY

2 2 2
. FVax £ Vay 'V Y F VRY
~ S? =
2 2
(VRx + VRY)
and
3 2 2
o - “FVpy 2 Vix -\J[VRX - Fo+ Vpy
. ~ >
v‘-
Ve * YRy
where
Fom. Vo, O + Vo sY

(811)

(B12)

(¢ 3

(B14)




Vaz Vemx  * G—\/ Vszzz - Vf'mx + G2
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SR = ? , (B1l5
Vi + 2 (B15)
and
G Vimx * Vpz -\/ V.%z - V?’mx + G
CR = Y (B16)
. (Vgz * 69
whexe
G = VRx cP «+ VRY SP o
The identity -
sPZ + (P2 = 1
is satisfied only if the same sign appears with the radical in (B13)
and (Bl4). Let &« = 0 and ¢y = 90°, Then equations (B13) and
(B814) recuce to
* Vry
SP = , (B17)
) v, &+ V2
' RX RY
: and
f : + VRx
' CP = . (B18)

o~

B st i e pe TN A = 72

ot

o —

2 2
VRx * VRy

:
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Consider the positive pitch angle, ¢p; shown in Appendix Figure 3.

Now restrict Gp, -n = ¢p s T
' 0
I X
; QP
AN
(\"|
"in ' ’
VRY
ni-u
, Coordinate System Showing A Positive Pitch Angle

Appendix Figure 3

Thus, the positive sign is chosen for both the sine and cosine.

* Vry

SP =

and

. , . + VRY
CP = . Y

QRIS B s

(Bi9)

(820)
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SR2 + (CR2 = 1

is satisZfied only if opposite signs appear with the radical in (B1S) and

(B16)., Let o = ¢p = 0. Then equations (B1S5) and (Bl6)

and

reduce to

¥ VRx
SR = ,  (B21)
2 2
\/VRz * Vix
¥ Vpz
CR = . (B22)

"

Consider the positive roll angle, @.., shown in Appendix Figure 4. Now

-1

nA

restrict f,

g, S I

N\
3

-Vrz

n)-n

Coordinate Systcem Showing A Positive Ro.. Angle

i A s < e

Appendix Figure 4
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Thus, the correct signs for the sine and cosine are

SR = ,

'and

CR = .

A first algebraic solutic. of equations (51) for ¢y and ¢r yields

VRz A * Vpy .\./_ Viz - A%+ vy

= (Vix *+ Vo)
where’
VRX A + Vg7 _\/ Viz - A%+ vy
- (VRx + Vi) |
where '

(B23)

(B24)

(B26)
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. 2 2 2
=Ry Vg £ 03 —\/ Viv = Vigz + B

8Y = VL + 8D ‘ , (B.7)
aand
B Vrmz + VRY .\/rvﬁy - Vinz + B2 .
CY = (vﬁY v BY) (B28)
where

The identity
SRZ + CR? = 1
is satisfied only if oppesite signs appear with the radical in (BZS) and

(B26). let o = ¢p = 0. Then eguatioas (B25) and (B26) reduce to

* Vnx :
SR = , (329)
2 2
VRx ¥ YRz
and
* Vaz
Ck = : . (B30)

2 2
'V/;gx * VRz
Note, equativus (Bz9) and (B30) are the same as (B21) and (B22). The .

identity

SR2 + (R?2 & 1°
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is satisfied in the seme way in ¢¢ h ‘casc. Hence, the signs for the
sine and cosine are chosen tae same as in equations (B23) and (B24).
The identity
s¥?2 + cy? - 1
is satisfied only if the same sisn appears with the radical in (B27) and

(828)., Let a = @, = 0. Then equations (B2/) and (B28) rzduce to

and

Y = . : . (B32)
Viy + VRz

Consider the positive yaw angle, Qy, shown in Appendix Figure 5. Now

<

HA

H.

RY

- —
L

Ii{-0

Coordinate System Showing A Positive Vaw Angle

Aopendix Figuze 5
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Thus, the positive sign is cliosen for both the sinc and cosine,

+ Vxz
-\/V?‘zz + Viy
and
+ VRY
eY = p—— . (334)
- \2 2
\/ iz * VRY
r

C e ey
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RESEARCH ON

DEVELOPMENT OF EQUATIONS FOR PERFORMANCE TRAJECTORY COMPUTATIONS

During.the period November 1, 1967, to May 1, 1$6/, at the suggestion
of Mr. W. E. Miner of NASA, ERC, Cambridge, Massachusets, r.ajor emphasis
, was placed on investigating the analytical foundation ;f the Hamilton-Jacobi
theory from the standpoint of its possible applications of space flight.
! Severul references were obtained, as listed in the back of this report, and
a study of previous work by several authors was undcrtaken.
} As of May 1, 1968, a specific problem area had been defined as follows,
To attempt to utilize the first order perturbatin theory, which has
been developed for the motion of a uniaxial satellite in a gravitational
field (reference 8) in studying the metion of a triaxial satellite in a
gravity field. Also to expand the theory for the uniaxial case to higher

order.
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VEHICLE CONTROL FOR FUEL OPTIMIZATION

Klaus D. Dannenberg and Grady R. Harmon

Department of Mechanical Engineering
Auburn University

ABSTRACT

The problem considered in this report is that of predicting a
minimum fuel trajectory for a six degree of freedom vehicle which has
a motion characterized by the first order differential equations of
translational and rotational dynamics. The thrust direction and cen-
ter of gravity of the vehicle are assumed to be fixed with respect to
tne vehicle. Thrust magnitude and the control moment are used as con-
trol variables and appear linearly in the equations of motion.

Pontryagin's Maximum Principle is used to solve the variational
problem. With this formulation, the extremal controls are bang-bang
with the exception of the singular case. A unique feature of this
problem is a combination of nonlinear state and linear control will
allow the computation of the initial values of the Lagrange multipliers
by an appropriate choice of some of the initial states. Imitial values
of the multipliers are always necessary for the complete solution, but
no process is generally available for their determination.
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NOMENCLATURE
Matrix transformation from plumbline system
to vehicle system
£xit area of vehicle engines

Matrix transformatic- or ¥ vector into vehicle
system

Abbreviation for cosine

Control variable vector
Coefficient of drag

Coefficient of lift

Force vector

Gravitational constant
Hamiltonian

Total mass of vehicle

Mass flow rate of air through vehicle engines
Mass of vehicle's fuel

Mass of earth

Moment vector

Exit pressure of vehicle engines
Freestream pressure

Arbitrary vector

Abbreviation for sine

Time

Rotational kinetic energy of vehicle

e o e et i o et it o\ o s e oo
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Translational velocity of vehicle

Exit velocity of air and fuel of vehicle engines
Freestream velocity

Translational position of vehicle

Position vector of center of pressure in vehiclé
system

State variable vector

Angle between y-axis and relative velocity vector
Angle measured in xz-plane from x-axis, loéating
plane containing relative velocity vector and
y-axis

Lagrange multiplier vector

Inertia tensor of vehicle in vehicle coordinate
system

Freestream air density
Eulerian angular position of vehicle
Time rate of change of §
Angular velocity vector in vehicle coordinate
system
Subscripts
Relating to aerodynamic force
Relating to pitching motion about vehicle's z-axis
Relating to rolling motion about vehicle's y-axis
Relating to thrust force
Relating to vehicle coordinate system

Relating to yawing motion about vehicle's x-axis
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INTRODUCTION

The Maximum Principle is a mathematical optimization process,
yielding a continuous set of controls, as contrasted with the computer
search technique of optimization. One of the primary drawbacks of the
Maximum Principle is the necessity for deterrining the initial values
of the Lagrange multipliers. Since no physical significance is attached
to the Lagrange multipliers, a system of assumed initial values is com-
monly used with the hope that a maximum can be found.

In the problem formulated in this paper, a unique situation
arises: the Hamiltonian is linear in the control variables and nonlinear
in the state variables. If these nonlinearities are used with appro-
priate nonrestrictive initial values for some of the states, a set of
equations is produced which can be solved for the initial Lagrange
multipliers. Thus, a complete extremal solution can be found for the
optimization problem presented in this report.
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COORDINATE SYSTEMS

Two coordinate systems are used to describe the motion of the
vehicle. One of these, the plumbline system, is fixed to the earth's
center and is assumed to be a primary inertial system. The other is
fixed to the vehicle at the center of gravity and moves with the
vehicle., The directions of the vehicle axes are shown in Figure 1.
The position of the center of gravity of the vehicle is given by its
Cartesian coordinates relative to the plumbline system. The angular
orientation is given by a series of three consecutive rotations, which
are illustrated in Figure 2. From an initial position in which all
axes of the vehicle and plumbline systems are parallel, the following
rotations are made about the vehicle's center of gravity:

1) Yawing rotation ¢, abou*t the x axis
2) Pitching rotation’ ¢, about the z axis
3) Rolling rotation -¢, about the -y axis

Consequently,

Ty = [-6,]léplley)T = [AplT

or

CRCP CRSPCY - SRSY CRSPSY + SRCY

T, = | -SP CPCY CPSY T

-CPSR  -SPSRCY - SYCR  -SRSPSY + CYCR
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PROBLEM FORMULATION

The minimization of the performance index
t
med.
)

i'i11 be accomplished through utilization of the Maximum Principle.
Thus, for a minimum of

t
!ﬁfdt ,
(o]

a maximum of the Hamiltonian H is desired, where H is defined as

H z A+X

where X is the state variable vector and A is the Lagrange multiplier
vector.

The state variables chosen for this problem are the transla-
tional and rotational position and velocity X, u, ¢, and ¥, respec-
tively. From a knowledge of mechanics, the state equations are as
follows:

X =3

T = F/m - mu/m

§ =7

V = [BIM+ [C]F +[FID

R Y
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Thus, the Hamiltonian becomes

H=Aoﬁlf+rl-ﬁ+x11-(g-g‘!)+r

- ¥+ Xpy ¢ ([B]M + [C]¥ + [FID)

After substitution of the forces and moments discussed in the appendix,
the Hamiltonian takes the following form:

H = Ao[Ft - ma(vy - VoL- Ai(pi_- POJ.]+ .

Vj I * G+ II
T F. GM
* E_a+ [AD] 'rn_t"" IT'PX
.+ Ma(Vi - vo) *+ Aj(pj - Bo) - Fy
ij

+ XilI Y+ X&V « {[B]JM + [C)y + [F]D}

From the Hamiltonian, the necessary conditions can be obtained as

- _ ‘
A = -3¢

Expanding into scalar form, these equations become:

>
R

F T F.
0 Trr gt Lol g

+Malvi - vo) + Asfpy - po) - Fr g

ijz
X 1 = = oF 1 3x2
Mo - w B 'E)a_xa+GM(Ti'|'3"Tfr5)

T

e St
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A12 = 'A9 - AIV ¢ ; Ci3 + 'a‘b—p ([F]D)

The solution of these equations for K'depends on the initial values of
A. Since no physical significance can be given to the Lagrange multi-
pliers, some method must be developed to determine their initial values.
When one realizes that the Hamiltonian is of the form

- e . oM H o
H = f(X,A) + _a‘ﬁFt + W M,

the possibility arises that the nonlinear function of state can be
made zero at the initial time by an appropriate choice of imitial
state without the necessity of all states being zero. Consequently,

since on an 5, timal path H = 0, the remainder of the Hamiltonian must
be zero; i.e., .

oH 3H

73 r
ﬁ;pt'@';ﬁ M = 0

Since F; and ¥, in general, are not zero,

Q

H oH —
—_— = 0 ard = 0
" oM

P

This is the normal necessary condition used for the case of nonlinear
controls.

- If one chooses the initial state to be a position of rest, i.e.,

¥ =0and u =0, and if one selects an initial thrust which satisfies
the equation

~(Ayx + Agy + Ag2) T%¥? + Ao(ﬂﬁfvi - v,) ;in(Pi - Pal) = 0

the coefficients of the controls are zero at the initial time step,
allowing an analytic solution for the unknown initial values of the
twelve variable Lagrange multipliers. If one uses these initial values,

A.

———— S PN S Anoas e | et s e s i e 4

the given differential equaticns can be solved for the time history of

Similarly, the state equations can be solved for a time history of
the state variables.

e R
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Extremal control is determined by the coefficients of the con-
trol variables. Since the Hamiltonian is linear in all controls, the
extremal control is bang-bang unless the control coefficient is zero;
i.e., if

H —
%E;'> 0, C; = CiMAX i=F¢,M
oH . -
-BEI <0, C; = ciMIN i= F¢,M

For the singular control case of a zero coefficient over a non-
zero time intcrval, the equation(s)

%E;'= 0 i = Fg or My or My or M,

can be added to the differential multiplier equations over the appropri-
ate time period to solve for the extremal control.




CONCLUSIONS

A set of initial values of the Lagrange multipliers for the
state problem can be found analytically through a choice of appro-
priate initial velocities. This is by no means a unique solution
to the problem, but it is a method of making a feasible choice of
initial multipliers for a certain realizable initial state. The
actual numerical solution of the equations should present no major
difficulties if the intial values are no longer a problem.

This method of solving for the initial Lagrange multipliers
will not be applicable to most problems. With the selection of an

appropriate number of initial states, the problem becomes too
restrictive to be of any great general value.

10
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APPENDIX: MATHEMATICAL NTDEL

A mathematical model for the basic mechanics of the problem
will be deduced using the separability of the rotational and trans-

lational motions of a rigid body. The fcrces and moments will be
discussed first.

A. Forces

An aerodynamic force F, is assumed to act at the vehicle's
center of pressure. The orientation of the aerodynamic force is
determined by two rotations from the vehicle system to a new coor-
dinate system denoted by T,. The rotations align the aerodynamic

force with the -y, axis. The maneuvers necessary for this align-
ment (Appendix Figure 1) are:

1) Roll ay about the y axis.

2) Pitch a about the ¢ axis to align the y axis with r
the relative velocity vector.

Thus, ;; = [-c][ay];;

=<

* CENTER OF PRESSURE {

Appendix Figure 1. Aerodynamic Force System

12
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The magnitude of ?; is given by
IFal = § vo?A(cp? + ¢ 2)}/2

A thrust force ?} is assumed to act along the longitudinal axis
of the aircraft. The magnitude of this force is given by

[Frl = my(vy - vo) + mgvy + Aj(p; - po)

where ﬁa, vj, and p;j are known functions of I?&I for a given engine.

The gravitational force of a spherical earth acting at the center
of gravity of the vehicle is

F = - Sy
|x|3
B. Moments

An aerodynamic moment and a thrust moment are present as a
result of the nonconcurrency of the center of pressure and the center
of gravity. Collectively, the moments are

0 0

;cpx [-uy][a] Fal « | Fr
0 0

where ;; is the position vector of the center of pressure in the
vehicle gystem.

The control surface moment ﬁb is a control of the optimization
problem. These are the collective moments resulting from the flaps,
ailerons, and all other vehicle control surfaces.

Clasle's theorem for rigid body motion states that the motion
may be divided into a pure translation of the center of gravity and a
pure rotation about the center of gravity. Therefore, for the trans-
lational motion, the following equation results from Newton's law:

s F i
m n

b v

Bl ~Fansra
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or

ﬁ = E E& + [A ]T —I ‘r—rg' X

, malv; - vo) +v?f; (p; - po) - Fr ¢

where

E o= 147 07 007 {0)10a]
and

[Ap] = [-0x] 8] [+,]

The rotational motion equation is obtained from energy consider-
ations. The rotational kinetic energy in matrix form is

T = }w [ua

where w is the vehicle-fixed angular velocity vector and [u] is the
inertia tensor for motion about the vehicle axes. The Lagrangian form
for generalized coordinates of angular character is

dfor ) ar
at\se;) " 36 - My

When one carries out the indicated operations, the Lagrangian equations
become:

d 30T\, = %@ . . d@ @ , 4=
Sl « By v G- B v <

After substitution of the angular velocity components of ¢ R ¢ y, and ¢r
for U in the vehicle system and simplification, the resulting equation
is

v = [B]N + [C)V + [F]D

s vt %t ey e ot
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NIY-31303
Semi-Annual Report on NASA Grant NGR-01-003-008

RESEARCH ON

DEVELOPMENT OF EQUATIONS FOR PERFORMANCE TRAJECTORY COMPUTATION

SUMMARY

During the second six months cf the original one-year period
of the grant work has progressed on two projects:
1. Development of a cumputer program for the study formulated
earlier, as discussed in the last report, and |
2. An analytical study of a minimum fuel flight for high
speed aircraft,
Included in this report are a listing of the program to compute
a minimum time re-entry into the atmosphere for an Apollo-type cap-
sule, and a technical summary of the minimum fuel problem. A detailed
report on item two is to be presented to the Guidance Laboratory of
Electronics Research Center in Cambridge, Massachusetts, on April 19

an 20, A full report will be forwarded to you after this presentation.
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INPUT CARD 5§ JUMP = 1 PARTS 1 AND 2
coL NO 35 = 2 PART 1 ONLY
1S JUMP = 3 PART 2 ONLY

SYMBOLS USED IN PROGRAM
PLANET DATA

s GRAVITATIQNAL TOMSTAMT OF PLAMET

A" = RANTUS OF PLANFT
PHO = DFMSITY OF PLAMFT ATMOSPHERE
DHON =PARTIAL OF RHD WeRaTe ALTITUNE
OYEGA = ANGULAR VFLOCITY OF PLANET AROUT ROTATION AXIS

(WFXyWFYswEZ) = ANGULAR VFLOCITY COMPONENTS OF THE PLANET IN THE
INERTIAL FRAYFE

VEHICLE DATA

X = ACRODYNAMIC COEFFICIENT (LONGITUDINAL AXIS)

CXMD = PARPTIAL OF X WeReTs ALFHA

2 = AFRODYNAMIC COFFFICILNT (PHRPENDICULAR TO LONGITUDINAL
AXTS)

c2Mn = PARTIAL OF rZ WeReTa ALPHA

A = CROSS=-SFCTION OF VFHICLF
M = MASS OF VFHICLF

GENFRAL DATA

(XoYs2) = CARTESIAN COORDINATES (INERTIAL FRAME)
(UsVaeW) = VFLOCITY COMPOMFNTS (INFRTIAL FRAMVE)

R = MAGNITUDF OF RADIUS VECTOR TO VEHICLE
HGT = ALTITUDE

{VRXsVRYsVRZ) = RFLATIVF WIND VFLOCITY COMPONFNTS(INERTIAL FRAME)

(VRMX s VRMY 9 VRV¥Z) = RFLATIVFE WIND VELOCITY COMPONEMNTS (MISSILE-
FIXED FRAWMF)

VR = MAGNITUNDE OF VFHICLE VELOCITY RELATIVE TO AIR
FRA = AERCDYNAMIC ACCFLERATION
GGG = GRAVITATIONAL ACCELFRATION
H = PONTRYAGIN H FUNCTION

PHA = PARTIAL OF H WeReTs ALPHA
PHAY = PARTIAL OF H WeR4Ts ALPHA Y
XLAM{1) = LAGRAMGF MULTIPLIFR (1)
XLAM{D) = LAGRANMGE MULTIDLIER ()
XLAM(3) = LAGRAMGF MULTIPLIER (3)
XLAM(4) = LAGRAMGF MULTIOLIFR (4)
XLAM(5) = LAGRANGF MULTIPLIFR (5)
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XLAM(6)
XLAM(T)

LAGRAMGF MULTIPLIFR (6)
CONSTANT = +1

PREFIX OF R INDICATES ANGLE IS TN RADIANS., OTHERWISE IT IS ASSUMED
TO RE IN DEGRFES,

PHTIO = INFRTTAL FRAME QORIFNTATION ANGLF
AQ = JNFRTIAL FRAME ORJENTATION ANGLE
ANG = {(on = AD )

PHIR = ROLL ANMGLE

PHTY = YAYW  ANGLF

PHIP = PITCH AMGLF

ALFY = ROLL ANGLE OF VFHICLE (AFRODYNAMIC FRAME)
ALF = ANGLE OF ATTACK OF THE VEHICLE
CRALF = COS(RALF)

SRALF = SIN(RALF)

CRALFY = CHS(RALFY)

SRALFY = SIN(RALFY)

CPHIO = CNS(PPHTOD)

SPHIN = SIMIRPHIN)

CRAD9 = (CNS(RANQ)

CPHIR =. CNS(RPHIR)

SPHIR = STINI(RPHIR)

CPHIP = COS(RPHIP)

SPHIP = SIN(RPHIP)

CPHIY = COS(RPHLY)

SPH1Y = SIN(RPHIY)

FRAUIVALFNCF (”ASF”M(1)9ﬁDﬁS(1));(MASCOV(]01)yTﬂRS(l))s(MASCOV(ﬁﬁq)
14VFX(1))

FRQUIVALFNCF (ONNS{1) 9 ALF) 9 (ONNDS(2) 9RALF ) 9 (ODNS{3) 9CRALF I3 (ONNS(4) y
1 SRALF) s (NDNSIRYSALFY) s ({ONNS({H) sRALFY ) 9 (ONDSI 7)Y 9sCRALFY )2 (GNNS( QY s
7 SRALFY) o« (ONNSIC)+PHTIOY 2 (QONS(10)sCPUTI0) 9 (ONNS(11)9SPHIO)» (ONNS(12
3) 9 A0 (OPNS(12)9CRA0O) 9 (OPNS(14)9SRA0I) o (NNNS(15) sPHIP) 2 (ONNSI16)
& CPYs(OPRS(17195P) s (ONPS 18 ) sPHIY ) s (ONNSL10) 90Y )y (ODDS(2C) 9SY )

5 (ODDS(?});PHVR),(ODDS(?7),CR),(ODﬁb(?3)95R)’(0005(24)’UMEGA)’

6 (ODNS(25) 9uFX) s (ONDSI2£) ¢ wFY) s (ONDS(P2 7Y 9WFZ) s (ODDSI28)sVR} 9 (ODDS
7 {29)svRX)+(ONDS(20)9VRY )9 1ONNS(31)9VRLZ) s (ONNS(32) s VRMX)» (ODNS(33)
£ sVRNMY) s (ODNS(34) 9 VRMZ) 9 (ONNS(35) s VRMPDY ) 9 (ODNS(36) s VRMYD1 ) 5 (ODDS
S {(37)sVvRPYRDI)

COUTVALRNIE (OPNS (2215 X ) 9 (OPNS{29) 9 XMD ) 9o (ODNNSLL0) 92y
1 (ORNPSTA1) 920D Yo LONNSIL2) 90 ) 5 (ODNSLA2) 9yRHO ) 9 (ODNS (44 ) 9y RHON )Y »

2 (OPRGLA4R)sR) s {CPNSI4A) 2201 9 (CNPSLATIIHAT Y (ODNST4R) 9A) 9 (ONNS(49)
2BV INNNS (a0 s M) s [ORNSIR1 ) 9 GGG (ONNSIB2) s FPA) 9 (ONPDS(53) 9XMNOT ) s
4 (0005(‘&)9H)9(nﬁhS(FE)9DHA)9(Oh05(56)9PHAY)

EOITTVALENCE (DDNS(8T)sFA)

FRUIVALFNCE (TARS(TI)9ALTIY)) s (TABS(89)sPRFSSI1) )
1(TARS(2A5) s ALPHAT (1)) 2 (TARS(303)sTCLI11 )2 (TARS(341)9TCZP(1) )
2(TABS(279)9TCZPP{1)) o (TARS(4]1T7)sTCX{1)) o (TABSI45T)sTCXP(1) )
3(TARS(495) +TCXPP(1Y)

CAUIVALFNCF (er(1;;XH(I))o(VFX(A)oURDOT(l))’(VFX(7)9XQAR(1))’
TIVEXTI0 o XLAMT (1)) s (VEXUI2 ) o XLAMTT (1)) o (VFEXI16) o XLMID( ;1) 9 (VFXL19)
29XLMIINEI) ) o (VEXI22) s URT1 )19 (VEX (2R ) 9 XLAMT)Y
FAUTVALENZE (XM 9 XNX) 9 (XNMED) 9 XNY 1o {XMN(2)9XN2)

FOUIVALENAE (L1aROT (11 eUN) o (UPROT(2)9VN) o (UPDOT(2) 9 WD)

FAUIVALFNCE (XPRAR( I 9 X) o {XRAR(2)sY) s (XBAR(3)s2)

EQUIVALENCE (XLAMTCI) o XLAMT) o {XLAMTU2) o XLAM2 ) o (XLAMI(3) sXLAMD)
FQUIVALENCE (XULAMTTOI) s XLAMA) o (XLAMIT(2) 9 XLAMS) 9 (XLAMIT(3) 9XLAMS)
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XLAM3D)

FIUIVALENCE (XLMIN )9
(XLVI1 DE3) s XLAME

FQUIVALFNCE
1m)
FOUIVALFANAZE (UR{1)1sU)»(UR{2 )1V (UR() s

COVINON MASCAY

PIVENSTON MASCOM{4693)

NIVENSTION ONNS{I00)+ TARS(RAR 4 VIEX(25)

NIMEMSTION ALT(RR}+PRFSSIRA) K (88

NIYEHNSICN ALPHAT{38)sTCZ(38)sTCZP(38)sTCLPP(38)sTCX{38)sTCXP(38)»

1TEXPR(2R) 4 J(38)

DIMENSTON URDOT(3) o XN(3) 9 XRAR(3) s XLAMI(3) s XLAMITU3) s XLMID(3)
1IXLMIIND{3),UR(2)
DIVENSION QUTD(44100)
DOUBLE PRECISTION FASAST
NDOUBLE PRECISICN MASCUM»ODDSs TABSIVEX s ALF s RALF s CRALF s SRALF 9ALFY s

.1 RALFY»CRALFYsSPALFYsPHIOACPHTD«SPHIO A0 PHIPsCP9SPsPHIY
2 s CYsSYsPHIR SR ST aDEGAIWFX s WEYIWEZ s VR e VRX 3 VPY s VRZ s VRMX s VRMY 9 VRMZ
2 G VEMPNI s VRYNY s VPMANT s CX s XMN 902 9 CZMD 9 gRHO S PHON SR sROsHGT 9A
4 VMaNMgnGRaFPA s XMNOTaHsPHASPHAY yALToPRFSS WAL PHAT 9 TCZ s
CTrZP s TCZPP s TrX s TCXP s TCXPP o XNyURMOT o XRAR G XLAMT o XLAVI T o XLAID s XLMTIIDY
6 URSXLAMT o XNX 9o XNY o XNZaliDsVRawNs XY sZ s XLAM] s XLAM2 9 XLAMB s XLANM4
7 XLAMB s XLAMA s XLAMIN o XLAMIN o XLAMIN 9 XLAMED s XLAMED o XLAMSD sU sV aWy
ASPALFP W RALFP
NOLURLE PRECISTION ARCOSsCOLAT sCRITHIDELITESPsTIRECsTLIMIT»TPRINT
I1TSTEPSTYSUO,

2 VOsVLAT sVLONG o WO s XOQ s XLAMIO o XLAM2D o XLAM3D s XLAMA4O s XLAMSO 9 XLAMEOD s
az0

DOURLFE PRFCTISTION SRAQ9sCRANGHYRPHIO SRAD

ATEENSTION STX(2)eSTY(2)905TAY{32)«RDI(T)

NALALF PRECTISTION STXeSTYsSTAYSSLOPFSTALF

NOLIRLFE DRECISIOM CONMA NN GCONC YD Y29 Y02 9Y?22:NFL2

NALRLFE PRFCTISTON HH

DIYFNSINON HHI?94)

NIHENMNSTON OF(115)sDUTA{4L45),0UTA(205)

NATA CUTCL2)Y +»0UTCU3) sDUTClA4Y osOUTC(5) sQUTCLTY sOJTCH(BY)
OUTC{ay s0OUTC (10 s0UTCL 72y o0UTC(12)s0UTCIT14)s0UTCI15) 9UUTC(T1T) s
QUTCEIR) OUTAT19)s0UTAL201)9s0UTC(22)s0UTCI23)s0UTCI24)0UTC(25)
OUTCL2T7)12QUTA(28) 9 UTA (20 3CUTC(30)sQUTCI32)90UTC(32)s0UTC(34)
OUTC(35)s0LTC{3T7)s0UTC(32)sQUTC(39)s0UTCIAC) sOUTCI42)90UTCI43)
CUTCL44)+CUTALLS) sOUTCL4T) sCUTC(AR) sOUTC(AG) sOUTC(H0) sQUTC (B
OUTCE(E2) oDUTA(RL)Y 9 QUTAIRR Yy QUTC (B 7)) sQUTCIBR) sOUTC(E9)Y sQUTC(60)
NUTE(E2 ) 9sDUTR AR 2 OUTALAAYsQUTCLAR)sCUTC(ATYSOUTE(88) 2s0LTC (49
AUTACTO) s RUTA L2y s 0UTAL Ty s QUTAL T4 ) s QUTCLTR) s QUTC(T7T7) sOUTCLTRY
QUTALTO Y »0UTZ (RO +sQUTA{ 021 s0UTA(83)sQUTC(R4)Y/ 6T%KHBLANKS/

NATA NUTC(REY yQUTH(RTY +OUTCIRBY +sNUTCIB9) HSCUTCI90)Y »
AUTF(92) »0UTC(92)y »QUT(O4) sQUTCIO8)Y sQUTCIQT)Y sQUTC(ORY
AUTe(o9) +»7UTCL100)2yQUTA(102)s0UTCLIC3)sCUTA(104)2CQUTCILI0S)
AUTCI0T7)I»NUTCLI08) sQUTALT00)sCUTALT110)s0UTC(112)90UTCI113)
QUTCETI14)sQUTCI115)s0UTCI117)s0UTCLL118)90UTC(119)s0UTC(120)
QUTCEL122)9N3TE(123)90UTCI124)o0UTCLL125)90UTCI12T7)90UTC(128)
OUTC(129)2CUTC(130)sQUTC(132)H0UTCI133)s0UTC{134)QUTCLI35)
AUTCEIAT7)«OUTCLL2R)1HQUTAIY39)»QUTCLIL0 »NUTCL142)90UTCI143)
QUTCL14b ) »0UTCIGR) s QUTA(YIAT) s OUTCLT14RYSQUTCI149)9QUTC(150) s

T OUTCL182)9CUTCL1%2)90UTCI154)20UTCL155)/ STHEHRLANKS/

DATA AUTCLIBT7)YsOUTA158)4OUTCLISDV90UTC(160)sQUTCLTI62)

OUTCL162)sOUTCLI64)»OUTC(145)sQUTCITIAT)Y oNUTCI168)»CUTCI169)

CUTCLIT0)sSUTCO1T72)sQUTCII 723 sQUTCETITA)Y sQUTC(YT8)sQUTCIT1TT )

AJTCLITR)YNAUTCILIT79)0UTC(180)s0UTCI182)Y90UTC 1IR3 QUTCI184 )y

OUTC(IRE)sNUTCLLIRTIsQUTCLTIRB) sQUTCI189)90UTCL190)s0UTC(192)

OUTC(192)s0UTC(194)v0OUTCL195) 20UTCI197)90UTC(198)s0UTCI199)

(1) s XLAMID)Y s (XLMID(2) o XLAM2D) o (XLMID(3
DY) o XLAMGD) o (XLMEITID(2) s XLANMSD) 9 {XLMII

NN =
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6 QUTCIP0C)YsCUTCH{P021s0UTC(202)9DUTCI2C4)»0QUTC(205) /40#6HBLANKS/ 6
NATA OF(2) sOF(3) sCF(n) sLUE(S) +0F(7) +s0E(8) +CF(9) »OF(10)

1T OF(121s0F(12)sCF(14)97F(15)9CT({17)50%(18)9GE(10)sCE(20)190F (221
NE(22)3CF(24)sCF(25)e0F (271200 (22)90F(29)90F(2C)s0F(232)90F (27
NE(24)sOF 2Ry 3 OF (27 ) 9NF(20) s OF(29)3OF (40 9DF(42)50F(43)s0F (Lt
(L) NE (R TV IOF 4R IDF (400 (85N ) s0F (8293 QF ({8)s0F(E4)+0F (85
CELRTYSOFIRRYs0OF(832)9NELA0)s0FE(62) 905 (63)s0F(64)90E(55130F(47)
NELALY aNE(A2) 4 0C( TV sNF (77 0F(T23)eNF(T74)sO0F(TRY 22T (T7T)s0F(T78)
(7250 (pP0Y1aCE(BIINFIR2) D {4 ) s2F (P50 (RT)SOF(F/)»0F(RG)
DNEIO0I 0T L2) s0F (92 ) s0F (04 ) +0F(CH)s0F {07} s0F(98)s0F (GG
CE(100)s0F(102)sCF(103)90F(104)+sCF(105)/ BH4*GEHRLANKS/

PATA OUTC(1)Y sCUTCI(6) sCUTCI11) +0UTCL16) »0UTCI(21)

1 QUTC(24) »CUTCI31) +DUTC(26) »0UTCI41) »QUTC(46) HCUTCI5])

2 OUTC(58) +DUTC(H1) sQUTCI56) s0JTCIT1) »0OUTC(76) »OUTCI(R])

3 QUTCIRS) sNUTC(91) sOUTC(96) sOUTC(101)s0UTCI106)s0LTCI111)

4 QUTCL116)9NUTCI121)»0UTC(126)9s3UTC(121)s0UTC(136)/

CRAHTIYFE 4 AHX s BHY s 6HZ s 6EHU s 6HV s GHW

i 66HLAMT  $BHILLAMY?  S6HILAYI  46HLAMG  S6HLAMS  46HLAIE  +6AALF

COTBHALFY  9AHPHIR  46HPHIY  26HPHIP  96HAAG s GHVR » 6HM

R6HRHN s 6HN s 6HFA 2 6HN s 6HP s 6HQ s 6HH
NATA NUTCL141)90UTCL146)s0UTCL151)s0UTC(155)sQuUTCI161)

1 CUTC(186)s0OUTC(171)90QUTC(176)s0UTCIIRL)SOUTCI1R6)OUTCIIGT1Y,

? OUTCL196)s0UTC(201)905(1) 907 (6)s0E(11)9s0F(16)1sCF211905(26)

3 OF(31)s0F (A1 s0F (4] )sCELL6)90F(51)90F(56)90E(61)90F(66)s0E(T1) s

4 OF (761907 (21)30F(86)sCF(C1)s0E(96)s0E(101)s0E(200)/

i S6HPHAY s 6HPHA 2y 6HU DOT s6HV DOT +6HY NDOT +6HLAMID ¢ 6HLAMZD »

 B6BHLAM3AD +BHLAMAD 4 6HLAMSD »6HLAMED s6HDRAG 9 6HHGT s 6HVM ’

THHA s B0 + 61RO s HHXD 1 6HYO s 6HZ0 s 6HUO ’

RAEHVN s AHUN s GHI AMLIN $BHILAM2N S AHL AMN S AHLAYLD 2 GHL AMBND

QGHLAMEN $AHILAMT  46HTSTED JEHTPRINTS6HTLIMIT96HALF s GHALFY /
NATA DE(1CT7390F1108)9CE(109)e0E(110)sNE(112)sDE(L113)90E(114)

1 OF1119)e02F(111) /7 B#O6EHBLANKSOGHOMEGA /

AREO G N DA TAMA LD EL LT b} e XX s X ARCOS(X) = DATANZ(DSQRT(1., - X*X),X.)
TESP = 665.0

ok

DN DS AN
v » @ ® w e

N
e e s WK L EAETAR € D WY R AR .

14
’
’
L

P

Nw e e

e avm W

§

PN

READ IN DATA

o e ens

PEAD IN HYPFRSONIC DATA TARLE
NCCRODY I=1e29R
READ(51000) PN(1)sRN{2)1sRN(3)sRNI4)sRN(B)sRNDIB6)IRN(T) 9 J{T)
A PHAT(T)Y = DRLFIIN(T)) )
TCZ(1) = PRLE(RN(D))
TEZRP(T) = DRLF(RN(3))
TEIPP(T)Y = DRLFIRN{4))
TCX(T)Y = PRLFE(RIN(ARY)
TCXP(I) = DALF(PN(6))
TEXPP(1) = "BLE(RN(T))
N0 FOPMAT(FICe09F10629F10453F10469F10629F10,59F1066912)
| NO 120 1=1,3R
IF(JU(I)=1) 10191209101
0 CONTINUF
GO TO 100
Pl WP ITE(Re100) ~
Q FORMATIIHYI 918X 9 23HNATA CARDS OUT OF ORDFR)
. GN TH B88
L READ IN ALTITUNF VS DENSITY TARLE
N DO ARD?2 T =108
RFAD(S91001) RD(L)IRNI2)9K(T])
ALT(T) = DRALFIRDI(L1Y)
2 PRESS(I) = DBLE(RD(Z2))
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FORMAT(F10s09F11e4yGtBXs13)
DN 122 1=1+98

TFIK(IY -1 1061+122+101
CANTINUF

READ INPUT DARMFTERS
CONTINUF

RFADI&1002) RO(1IsRNI2)sRN(I3)9RDI&L)IsRND(5) 4L
G = DRLF(RN({1)Y))
RO = DRLE(RND(2))
OVEGA = DRLF(RN(3))
AD = NDRLE(RN(4))
PHIO = NDBLE(RD(S))
FOPMAT(2ED0,Re2Fb,092Xs12)
IF(L1-1)101+124,101
CONT IMUF
DTN 102
READ{G1002) RN(1)sRP{2)9PN(3)YsRD(4) 91?2
ALF = DRLF(PH(1))
ALFY = DRLE(RND(2))
Vi o= PRI C(RN({2))
A = NRLE(PN(4))
EORMATIA4FI0,4920X912)
[FIL2-2)101+126+101
CONTINUE
GN TH 1013
REAND(G1004) RN(Y1, eRN(2)9RNI3)sRND(4YIRN{SIsRD(6) 9L 3

X0 = NRLE(RD(1))
YA = NRLF(RN{2))
70 = NRLF(RN(2))
U = RARLE(RN{4))
VO = NDRLF(RN(K))
W0 = PRLE(PD(A))

FARYMAT(2F104032F10e3910Xs12)
[F{L3-3)101,128»101
CONTIMUF :
REAN(591005) RND(E1)9RN1:1sRN(3)9RDIA)SRDIS5)9RD(6) 9RDIT) oL 4

XLAMIO = NDBLF(RN(1))
XLAMPC = DRLF(RN(2))
XLAM3IQ = NDRLFIRN{2))
XI AMG4H = NILE(RN(4))
XL AVMSC = RRLT(RN(RY)
XI.AME(G = NRLF(RN(A))
XLAMT = nRLF(RN(T))

3 FARMAT(TF104%3412)

IF(L4=4)101+1309101
CONTINUE
GO TO 135
READ(5,1010) RD(1)sRNI2)9RD(3) s JUMP s IFF sL5

TRPRIMT = DALFI(PNI{1}Y)
TLTMIT = NDBLF(RN(2))
TSTEP = NDRLF(RNP(3))

TPRINT MUST RF GRFATFR THAM OR FQUAL TO TSTEP
FARMAT(AIF1IN,N42[R42NXe17)

IF(LS=%) 1015737+101

CONTIMUF

[FULIUMP o FQe2) e ORG (JUMPLFR,L,2)) GO TO 138
Jurp=1

CONTINUF

WRITF(6+1493)

L LU YRR

A s
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Do Rt e e iiandes )

PRINT INPUT

QUTA(1)Y = SNGL(VM)
NDUTA(2) = SNGL(A)
NUTA(2) = ShAL(AM)
NUTA(4L4) = SMGL(RD)
PUTAL(S) = SNGLI(IXO0)
QUTA(6) = SNALI(YD)
OQUTALT) = SNGL(20)
DITA(RY = SNGL({U0)
OUTA(9) = SNGL(VO)
OUTALIN) = SNAL(WN)
OUTALL11) = SNGL(XLAMIO)
NUTALTI?) = SNALLXLAMY20)
CUTA(13) = SNGLIXLAM20)
NUTA(TLY = SNAL(XLAMY4L0)
AUTACTISY = SMALIXILAMEN)
QUTAL16) = SMOL(XLAMGO)
QUTA(17) = SNGLIXLAMT)

QUTA(1R)=SNCLITSTFP)
OUTA{19)=SNGL{TPRINT)
AUTA201=SNGLITLIMIT)
NUTA(21)1=SNRL(ALF)
DUTAL22)=SNGIL(ALFY)
NUTA(?22)=SNAI {DMFGA)
CALL FONVOF4NUTA,23)
WRITF(6+6R54)

FOPMAT(1Xe?27THINPUT VALUES ARF AS FCLLOWS)

WRITE(E+6R55) (OF(LL)sLL=19115)

INTTIALIZE PROGRAM

CONTINUF
CALL TRA
=110
V=V
W=t
X=X0
Y=Y
2=20

p

D e s B e et e R

XLAMI=XLAMIQ
XI.AM2 =X AM20
XLAM3I=XLAM3N
XLAMG=XL AM4O
XLAMS=XLAMSN
XL AME=XLAMED
CALL JACNR(HHy=Ro09=5,0)
CALL TMVFRS{HH INNX s TNRN 2 444 XFRR)
DO 200 1=1,y? .
NO 200 N=1,2
HY (TyN} ==UH(T4N)
WRITE(6+299)
FORMAT(1HO»2IHTHF FOLLOWING ARE VALUFES FOR HH)
WRITE(6931) ((HH(NsT)s12)192)sN=142)
1 FORMAT(2F20,5)
IF(JUMP,FO,3) GO TO 4002
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THF FOLLOWING IS PART | AS CALLFD FOR RY JUwP

AST = ALF

8ST1=ALFY

ALFY=-130.0

DN 4522 NN=1,71

ALFY=ALFY+5.0

ALF==180,0

NO 4500 JX=1971
ALF = ALF + S,

CALL HZALT

OUTN(1+IX) SNGLIALF)

NUTD(29JX) = SNGL(H)
NUTN(24JX) = SNGLIPHAY)
ATRLL 9 XY = SNGL(PHA)

TFIIFF)A5229483294R2)

WOTTE(694511) ALFY

FORMAT(T79H1 ALF H
PHA - ALFY=9F6,177)

WRITEL694510) ((OUTD(XKK sLLL) oKKK=194)oLLL=19T71}

FORMAT(1HOF104,292F20.8)

T INUF

WRITF(6414672)

IF(JUD,FNn,a2) G0 TO 888

Juvp = 3

8L F = ASTY

AL FY=ASTY

GO TN 4001

CONT INUF

THE FOLLOWING IS PART I1 AS CALLED FOR BY JUvP

WOTTE(6e4534)
FORMAT(1HO//+16HITERATIONS BEGIN/Z)
TIPFC=n,

TY = TPRINT

J2=0

TTFRATF FOR ALPHAY

CONTINUF

IF(TIRFCLFELTLIMIT) GO TO 8/88

COLAT = ARCOS(NARS(Z)/NSART(X¥X 4+ Y®RY 4+2%7))
VLAT = NDSIGNI{14570796 = COLAT)+2)%87,2958
VLONG = (DATAN2(Yy9X)= OVFGAXTIREC)%#57,295A8
CALL SLVML{ALFoALFY sHHyPHA ST HAY 31 4F=14928»TIRFC)
COANTIMUF

CALL PORHY

IF(TIRFC,FN,0,0) AN TO 8008

TY=TY+TSTFP

IF{TYLTSTPRPINTY GO TO 6u48

CONTINUF

TY=Ce

PRINT QUTPUT

PHAY

e e st a5 e 03 et o G IS S ] M A SO ST 053  SRC  ASc e el  R SR
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GN TN 8Nnog
TonT INUE
CONT TNUF

FXIT IF PHASE I1 1S COMPLFTE
CHECK FOR SPEER LESS THAN TESP

IF(VR,LF,TESP) GO TO 6900
TIRFC = TIRFC + TSTFP

JZ2=J7+1

CALL TGRATE (JZ2+TSTFP)
GO TN 6800

IKK = 2

AN TO BN0G

CONT INUF

GO TO 888~

TY = 000

IXK = 1

COMT INYE

NUTA(]) SNAL(TIREC)
OUTAL(?) SMGL (X)
NUTA(2) SMAL{Y)
NITA(G) SMeL(7)
NITA(S) SNGL (1)
OUTAL(G)Y SNGLIV)
NUTA(T) SMGE ()
UTALR) SNAGL (XLAYY)
NUTA(9) SNGLIXLAM?)
NUTA(10) SNGLIXLAM3I)
CUTA(]11) SNGL (XLAMG)
OUTA(12) SNGL (XLAMS)
OUTA(13) SNGLIXLANMG)
NUTA(14) SMAL (ALF)

OUTALLS)
NUTA(14A)

SNAL(ALFY)
SNGL(PHIR)

llllllﬂlllilll!”llllllllllOllIlllIﬂ")l"llllllll!lllllllllllIlll!l"llll

OITALT T SKALIPHIY)Y
NUTA(18) SNEL(PHIP)Y
OUTA(19) SNELIGG6)
NITA(20) SNGLIVR)
NUTA(21) 0.

QUTA(22) SNGL (RHO)
OUTA(23) C.

QUTA(24) SNEL(FA)
NUTA(25) SMGLIXN(1))
NUTA(26) SMAELIXMNI2Y)
NUTA(27) SNALIXN(2)y)
NUTAL?28) SNGL(H) .
DUTAL29) SNELPHAY)
NUTA(30) SNGL (PHA)
ONTA(2]) SNALLUPDOT(1))
MITA(3?) SNGLIUANOT(2))
NJUTA(37) SNGL(URNOT(2))
OUTA{34) SNGL (XLMID(1))
OUTA(35) SNGL(XLMINC2))
OUTA(36) SNGLIXLMIN(3))
QUTAL3T) SNGLIXLMIIN(1))
ouTA(38) SNGL (XLMIIN(2))
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NMITALI9) = SMALIXLVTTIN(3)) 11
nUTA(an )y = 0O,
NUITA(AYTY=CNAL (HGT)
CALL CONVINIITC sNiTANL])
WRPITE(L£49E8558) (QUTC(TIYsl=1e205)

56 FARMAT(S(2X9A69)X9AYeF10.89814123)
WRITF(6+€6856)

56 FORMAT(1HO//)
GO TD (R0ON5.8n07)41KK

18 STOP
EMD

FYC ORELON
SURRNUTINF PRFLCD
FQUIVALENCF (2ASCOM{1)s0NNSLT1YV) sy (MASCOM(101)2TARS(1)) 9 (MASCOM(569)
JoVFXI(1))
EQUIVALEMAE (ONNDS(1)sALF) s LODDS(2) sRALF ) 9 (O2DDS(2)sCRALF) s (ODNS(4)
1 SRALFI»(ONNS(S)sALFY ) s (ONOS(HVyRALFY ) » (ORNS{ 7)Y s CRALFY ) s (ODNS(R) s
2 SRALFY) s (OPNS{Q)YsPHTIO) 2 (ONNSEID) s CPHICI» (ONNS(11)9SPHIO) S (ONNS(]2
23)9A0) s (NINNS{12)9rRADZ) s {OPNS( 141 sSRA0DG) S {CNANS(15)sPHIP Y (ODDS(158)

CPYI2(DONS(17)9SP ) (CNNEIIR)HPHIY ) (OTDL(19)sCY ) » (ODDS(20)sS5Y)

(OPNS{21)sPHIR) S ICHNSI22)9CA) s (CNNS(22)95R) o (ODNS(24) »UIEGAY o

(CPNSI2%5)9swWFX ) o (ONNS(2A)19WEY s (ONNS{2T7Y9wEZ) s (CNNSI25)VR) 9 (ONNS

(29)sVRX) s {ONRNS(20) s VRY ) o {ONNS {2119 VRZY s {ONNS(22) s VRUX ) s (OPNS (23

sVRUY ) 4 (NONNS (24 ) yVRMZ Y s (NNNS (28 ) s VRMDPNT ) 5 (OPNS (26 ) s VRMYNT Y 2 (ONNS

(27)sVRUONT) hd
FRAUIVALFYNCE (OONS(2R8) 97X ) o (ONNS(RF e CXMD Yo (ODNS(4HC)9CL) s
1 (OANSTATY 972D ) (OPNSU42Y Yy (CPNST43)9RHO) s (ODNS(44) s RHON)Y »

2 {oPRS{asY s ) (ONNS(LH) Q) (OONSLTYIHCTYI s (ONDS{ARYIA) 2 (ONNS(49)
2 VM) {ONRS(E0Y 9y LCNNS IR GGR Iy (OINHIS21sFPA) s (ONDS(53) $ XMDOT ) »
4 (ONNPS(R4)sH) s (CPNSIRE ) aPHA) s (ONPDS(56) s PHAY)

EQUIVALENCE (0ODNS(ST)sFA)

FRUIVALFNGE (TARGLIT1)1sALTI1)) s (TARS(89)sPRESS(1) ) .
1(TARS(2AR ) s ALPHAT( IV s(TARS(307)y s TCZ 119 (TARS{341)sTCZP(1) )
2(TAPS(370)1 9 TrZPP (1)) o (TARS(4YT) 9 TCXI1)) s (TARS(4L4RT) S TCXP(1) )
A(TARPS(406)TCXODP (1))

ERUIVALENAE (VEX(1 9 AMIY) Yo (VFX{Gy»URNOT 1Y) s IVEX(T7)sXaAR(1) )
TIVEXTIOY o XL AT (1Y) o (VEXTTI 2y o XLAMTIT (1)) o (VEX(16) s XLMIND(1Y Yo (VFX(TV)
PaXLNMTINIYIY )Y UVEX(22)sU (1)) s (VEX(25) 9 XLAMT)

EYUTVALENICE (XN(I)Y o XMX) s {XM (D)o XNY ) e (XM{3)sXNZ)

EAUTVALENAE (UARPOTI1YsUN) o (UanOT (2 )sVN) « (UEDOT(2) 9'aD)

FAUIVALFMCE (XAAR(1)sX) o {XPARI2V2Y )9 (XRAR(3)2)

FOQUIVALENCE (XLAMI(1)Y o ALAMI ) o {XLAMTI(2) s XLAM2) s IXLAMI(3) s XLAM3)
FQUIVALFENCE (XLAMITCOI) o XLAMA)Y s (XLASMIT(2) o XLAMS) o (XLAMTI(3) s XLAMS)
FOUIVALENCE (XLMIDCY) o XLAMIDY 9 (XLMID(2) o XLAMZD) o ( XLMID(3) 9 XLAM3D)
FQUIVALENCE (XLMTINDC)) o XLAMAD) o (XLMITID(2) 9 XLAMSOD )Y o (XLMTIID(3) o XLANMS
1)

FQUIVALFNAF (URTT1)Y U (UR(2) V) (UR() V)

COMMON MASCNAM
DIMFMSTON MASCOM(6913)

NIMENSION ONNS(1C0) o TARS(568 ) VFX(25)

NIYENSION ALT(RR)9yPRFSS(RR)

DIMFNSTINN ALPUAT(28)yTCZI2R) s TCZPI2R) s TCLPP(28) s TCX(38) s TCXP(38)
1TCXPR(2R) .

NDIMENSTON UPNOT(3) s XMN(3) o XQAR(I) o XLAMI () o XLAMIT(3) o XLMID(3)
IXLMTIN(3) 4L (3)

DGURLE PRFCISICN MASCCHsONDS»y TARSIVEX s ALF9yRALF 9CRALF sSRALF2ALFY,
RALFYsCRALFY +SRALFYsPHIQ9sCPHIOWSPHIOSAQY PHIPsCP+sSPsPHIY
sCYsSYsPHIRICRISRIOMEGAIWF Xy WFYIWFEZsVRIVRX sVRY sVRZ yVRMX 3y VRMY 3 VRIAZ

s VRMPN] yVRYN1 s VRMRABL1sCX 2o CXMN 9C29C2ZMN 9 CCoRHOIRHCDIRIROIHGT 9A
V¥ 3GMaGCRaFPAWXMNOT s HePHA sPHAY s ALT s PRESS9ALPHAT» TCZ s

29N> NP

LBV RN



ey

TR BN RO

-

6 U g XLAVT o XX e XMY 9 XMZstUUDa VDD XY o Z o XLAMY o XLAM2 s XLAMI o XLAMG s
T XLAME s XLAVA W XLAMIND s XLAMPD 9 XLAMAD o XLANAD o XLAMSD o XLAMOD s J sV ey
BEPALFPSCRA" ‘P

DOQURLF PRECTISION RAO9

DOUBLE PRFCISIOM FA

DOUBLF PRFCISION STALFSALPHALs CsCXMD19CZMD14+DALFHB

NOUBRLF PRFCISICM ARCUSICCLATSCRITHDFLITFSPSTIRECsTLIMITTPRINT,
ITSTEPSTY U

2 VOsVLAT g VLOMNG oW O 9 XC o XLAMIN o XLAMIN o XLAMIO0 9 XLAMGQ 9o XLAMS O s XLAMEO
azn

POURLE PRECISTION SRAQCOICRANG yRPHIO RAN

NOUBLE PRFCISiON CONAsCONRoCONC Y0 2Y25Y02sY22 9o DEL2
'RAD = 3.1415926535897932 /180, ARCOS (X) = DAzTANgFD‘sQRTU- - X*X),X.)

RPHIND = DPHIN * RAD

E

E RPANG = (G0 ,~AN)¥RAD
RALF =ALF#Pan

i RALFY=ALFY*RAD
CALCULATE SINES AND COSINES FOR ALPHA»ALPHA Y,AND PHI
CRALF = DCOS(RALF)

SRALF = DSIMIRALF)
CRALFY = NCOSIRALFY)

! SPALFY NSIN(RALFY)
FOHTN = DEOS(RPHIN)
SPHIN = NSIM(RPHIN)
CRAQQ = DCOS(RANG)

SRAQO = NSIN(RANG)
{ CALCULATE CMSGA-F RA&R
i WEY = CPHIO*SRPANQ¥OMEGA
WEY = SPHIO%*0YERA
WF2 = ~CPHIN*CRAQOO*OMEGA
CALCULATF yR
VRX =Y¥WEZ=2%WEY4Y
VRY =Z*uFX=X*WFZ+V
VRZ =X%#wEY.Y*WFX+W
VR = NSART(VRX#VRX + VRY#VRY 4+ VRZ*VRZ)
R=VPY
P = NSART(X*X + Y®Y 4 Z%7)
b 7 = nSAIMT(VPX*¥VRX &+ VRZ¥VRZ)
& CALCULATF ALTITUDF
{ HGT=R=RD
GOAG=-GM /R %3
CALCULATF VRM=RAR
VRMX=VR*SPALF%*CPALFY
VMY VR¥CRALF
VRMZ = —~VR¥SRALFXSRALFY
| STALF=ALF
B0 IF(ALF L. Te0W) ALF=<ALF
\FIALF4LTo180,.) GO TO 1390
KL F=ALF=360, .
GM 10 1280
0 CONTIMYF
NO 140 1=1+26
Je14?
IFCALPHAT(J) «GFeALF)Y GO TO 14)
‘0 COMTINUF
WRITE(6s1473)

P

2 FORMAT(IH1 915X +42HPROGRAM DUMPEN RECAUSF ALPHAT IS LESS THAN/16X»

137HALF AS CNOMPUTFN RY SURROUTIME PRELON,)
cTOP

1
STCZP s TCZPP s TCX s TEXP s TCXPP s AN yURPOT 9 XRAR s XLAM] o XLAMI T 9 XLMIN s XLMTI TN

oo i o WOBAVSL S ML a2 BRS04 L 5 forta B ¥ s oy e PR

po—

s o AL SCHE P« T 47

R s
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4 FORMAT(1H]915X939HPROGRAM DUMPED BECAUSE ALT IS LESS THAN/16X»
137HHGT AS COMPUTED BY SUBROUTINE PRELOD.)

2

O

T i

DEL2=0FL*NDEL

13

CX=TIX Y=+ e SRITOXLJ)=TEXUI=2) ) ¥DF L+ 8% (TCXIJ) =2 ¥TCX(J=1)1+TCX(J-

3
%91 DEL=(ALF-ALPHAT(J~1)1/5.
~
. 12))%DEL2

FZ=TCZ{J=1)4.5%(TCZ{IN)=TCZ(J=2) 1 *DFL+,8%(TCZ{J)=2.%TCL(J=-1)+TCZ(J-

12)1)1#DEL2

CXMA=TOXP(J=1)1+S*¥ITCXPIN =TCXP(J=2) ) ¥DFL+S*¥(TCXP(J)=2.*¥TCXP(J~1)

1+4TC2P(J=-2))%NFL2

FZMN=TCZP(J=1)1+,5%(TCZP(J)=TCZP(J=2) )1 %NEL+, 5% (TCZP(J)=2.,¥TCZP(J-1)

14TCXP(J=2))%DFL2

Ng 202 I=1+86 *
J=1+2

IF(ALTUJ)GFLHGT) GO TO 203
CNMTINUF

WRITF(69204)

STCP

YO = ALT(J=2)-ALT(J-])
Y2=ALT(UY=-ALT(J-1)
CONA=YN®Y2X(Y2-Y0D)
YNP=Y0XYD

Y22=Y2%Y?2

CONR=Y22*#PRFSS(J=2)+(Y(2-Y?22i*PRESS(J-1)=-YO2%PRESS(J)
FONC=<YD#PRESS(U=2)+(Y2=-YO)*¥PEESS(J=1)1+YO*PRFSS{J) .

CANR=CNANR/CNANA

CONC=CONC/CNNA

NEL=HGT-ALT(JU-1)

RHO=PRESS(J=-1) +CONR*NEL+CONC®DEL *DEL

RHOD=CNONR42 (X CONCEDEL

AL F=STALF

CC = NSORT(rX® X + CL*CZ)

FPA = [A/(2,0%VM))XRHOXVR®VRH#CC
FA = FPA x y™m
XMANT=FPA%%D

SPALFP=C2/CC

CRALFP=CX/CC
CALMULATFE PHI=P

VRMPNT = NSCRT{VRUX*¥YRMX + VRMY*VRMY)
SP=VRMX/VRMPN]
CP=VRVY/VRMPN]
PHIP=DATANZ2(SPCP)

CALCULATFE PHTI=Y

VRMYNY = NSART(VREVR-VPMZ#VRMZ)
SY=(~-REVRMZ4CRVRIYNT ) /VR®%2
CY=(r*VRMZ4+RXVRMYNY ) /VRER)

PHTY = NATAN2(SYs7Y)
CALCYLATE PHI=R

VRMRN] = NSART (VRX*VRX + VRZ*VRZ)
SR=VRX/VRP¥RN] .
FP=VRZ/vVaM¥RN]

PHIR = NATAMD? (SRsCR)

XNX=={CP*® R+ SORSYXSK ) *SRALFP*CRALFY+(SP¥CR-CPXSY*SR)*CRALFP+CY#SR#

1SRALFP®*SRALFY

XNY==(SP*CYRCRALEYRSRALFP Y= (CP*CY®CRALFP)~(SY*SRALFP*SRALFY)
XNZ=(CP*SR-SP*SY*CR)¥CRALFY*SRALFP-(SP#SR+CP*SY*CR)*CRALFP

14CYRCRESRALFP#SRALFY

9F TURN
ENR
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COUIVALFNCFE (MASCCM1)Ys0DNS(1)) 9 (MASCOM(101;59T7ARS(1)) 2 (mASCOM{669)
1eVFX(1))

ESUIVALPNCE (ONNS(1) s ALF)Y o (ODDL{2)Y s RALF )Y 2 (ODDS{3,9sCRALF Y {UDNS{4) s
] SRALF)I+{CDDS{H) s ALFY )Y s (ODD5(6) sKALFY )9 (ONDS(7)sCRALFY )Y (ODDSI(5)
2 SRALFY) s (OPNS({G)sPHTID) s {CONS(1CYsCPHIO) »(DNNSI11)95PHIQ) s (ONDSH1 2
2) 4 A0 {NONS( 13197 RAGAN{ONNSE( 14V sSPAC) S+ (ONNS{18)sPHIP )Y »'0ODNS(16)
CRPY 2 (NONNS (171 95P s (ONNSIEIR)PHIY Yo (NOANS{10) 9 Y )9 (OGPNS(20)9SY)
(ONES(21)sPHIR)IH (OPNS (221 9rRY) 9 (DNNS(22)95R) ¢ (OPNSI24) 9 IUEGAY
(OPNSI28) W EX) s (CANSIP6)1 s SFY ) s (ONNS(27)19WEZY s (ONNS{28)sVR) » (ONNS
{20)sVRX) s (OPNS(2CHIVRY IS (2NNS(31)9VRZ)» (DONNS(22) s VRMX) s {ONNS(373)
8 JVRMY) 3 (NDNS{24) s VRZ) 9 (ONDS(2E) s VRVPD 1) » (ONNS(3E) s VRMYD1) o (ONDS
9 (37)sVRPVED])

CQUIVALFMCF (ONNS(38) 92X )1 (ONNS{39) 9 CXMD 12 (0ODDSI4LCYCZ)

1 (ONNS{41) 928N ) (OMNS(4219CC) 9 (CNNS (42 sRHQY 2 (ODNST4L4) 9sRHON ) »

2 (OPNSU45)Y IR (NS 46) 9RO s (ONNS(LTIsHAT) o (ONNS(48) A} s (0ONDNS(4Q)
3 V) (OPPS(80)9GM) o LONNSIBYI )Y s GGG)Y s (ODNSI52) s FPAY 9 (ODDS(53) 9 XMDOT) »
4 (OPNSIS4)9) 9 (ONNS( RS ) 9PHA) s (ONNDS(5A) s PHAY)

FAUTVALFMCF (CPRS(5T7)FA)

FAUIVALENCE (TAQS(1) s ALT(1)) 9. TARS(RQ) +PRFESS(T) )
1{TARS(2AG )Y s ALPRAT( 1Y) {TANS(A02)ysTC7 (1)1 )19 (TARS(24T)Y»TCZP(1) )
2UTARS(2T70) s TCZPP (1)) o (TARS(HIYT)ATrY " 1)) 9o (TARSILET) s TCXP(1) )y
A(TAPS{LI9S ) s TCXPP(1))

FRUTVALFENCE (VYEX(1 1o XNCT )Y s {VFEX{4YysURNDOT (1YY o {VFX({T7)sXRAR(1) )
TOVEX(10) o XLAMT (1)) s LVFEXLI 2 s ZALAMIT LI ) o (v X(16) 9 XLMID(1) )9 (VFX(19)
2eXIMTIN{T ) s AVEXIZ21 90U 11 )2 VEXIDR) . ALAMTY)

CAUTVALENCE ([ XNME1Y o XNX) o IXNI )9 XNY )9 (XN{F) e XNZ)

ENUIVALENCE (URPOT(1)900)+(LANDDTI2)sVD) s (LURDOT(3)9WD)

FAQUIVALFMCE (XBAR(1) sX) o {XRAR(2)9Y) s {XHBAR(3)s2Z)

FQUIVALFENCE (XLAMTCYY s ALANMT )Y o IXLAMTI(2) o XLAM2 ) o (XLAMI(3)9sXLAM2)

FQUIVALENTE (XLAMITO1) o XLAMA) o (XLAMIT(2) s XL AMS )Y o (XLAMIT(3) 9XLAMG)

FOUTVALENCE (XLIINE1 Yo XLAMIDY s (XLMINI2 Y o XLAM2D) o {XLMIN(3) 9 XLAM3D)

FQUIVALFNCFE (XLMITDPL1 ) s XLAMAN) o (XLNMTIDI2 ) o XLAMSD) o (XLMTIID{3) 9 XLAMS
mn)

FAUTVALFNCFE (UR(1)Y U e (UR({2)1sV)Is(UR(3) )

CNMMON MASCNM
NIMEMSTION MASCNOM(/93)

NIYVFNSTON CONS(IN0)sTASRS(B568)sVEX(25)

NDIVENSION ALT(8R)sPRESLH{8R)

DIFENSTION ALPHAT(38)97r2(28)9sTCZP(38)sTCLPP(3R)sTCX(38)sTCXP(3R)
1TCXPP(38)

DIMYENSION URNDOT(3) o XN(3j s XRAR(I3) ¢ XLAMI(3) s XLAMIT{3) s XLMIND(3),
IXLMIID(2)4UB(3)

NOURLFE PRECISION MASCOMyONNDSsTARS o VFX s ALFoRALF 9 CRALF 9 SRALF 9ALFY
RALFYsCRALFY s SRALFYsPHIOsTPHIO«SPHIOAD PHIPsCPySPyPHIY
9CY sSYPHIRIReSRoIOMEAAYRF X9 AFY oW FZsVRsVRX o VRY s VRZ 9 VRMX s VRMY s VRMZ

s VRMPDY s VRMYNT s VRMRN]Y 9 CX s CXMD 9C2 9 CZMN 4 yRHOSRHODIRIROYHGT A
V¥ e GMaGGRsFPA s XYNQT s HePHASPHAY s ALTsPRESSALPHAT 2 TCZ
RTCZP o TCZPP s TCX s TCAP s TCXPP v ANSURNOT s XBAR s XLAMI o XLANMT To XLMID s XLMIID
6 URSXLAMT s XMX s XnY s XNZoUNsVD WD o X oY o Z 9 XLAMY s XLAM2 9 XLAM3 s XLAM4G »

7 XLAMSsXLAME 9 XLAMID s XL AM2D 9 XLAM3D s XLAM4D s XLAMSD s XLAMGD sU sV s s
RSRALFPsCRALFP

DOURBLE PRECISION FA

DOUBLE PRECISION SRA0D9,CRPAQ09+RPHIOSRAD
DO 100N [=142
URPOT(T)I=FPA%*XN(T)+GAGRXRAR(T)
H=XLAVT#FPAX %)

DO 1100 I=1,3

HeH+XLAMI (1) *UR(T)+XLAMIT(T)*UBDOT (1)
RFTURN
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FQUIVALENCE (MASCOM(U1)9s0DDS(1)) 9 (IMASCOMIL101)+sTABS(1)) 9 (MASCOMI(5669)
1sVEX(1))

EQUIVALFNCE (ONNSE1) 9 ALF) 9 (CDDS(2) sRALF) 9 (ODNS(3) sCRALF) » (ODPNS (4 s
1 SRBALF) s (ODNS(BI9ALFY ) o (ONNS(R) sRALFY ) o (ONNDSIT) s CRALFY Y (ONDNS(8)
7 SRALFY)Y» (ONNS{O)sPHTO)»y(OPNSIT1019CPHTIG) o (ONNS(TIT) sSPHIN) s (ONNS (12
2)9A0) 2 (ODNST172)9rRANM) S {ONNS (141 9SRADOY s (OPAS{IE ) HsPHIP ) (ONNS{16)

CPYs(OPNS(1T7)sSP)siONNSIIR)YsPHIY ) s (ONNS(19)9cY19(0ONDS(20) 9SY ) s

(ODNS(21)9PHIR)I s LONNS(22)sCR) s (ONNS(22)9SR) » {ODNSI24) yOIFEGA ) »
(ONNS(265)98CX) s {ONNSI26) 9saFT ) s (ODNSI2 TV 9WFZ) 2 (ONNS{28)3VR) s (OQDNS
(201 sVREX) s (ONNS(20) sVRY ) 2 (ONNS (21 )9 VRZ) s (ONRNS{32) 3 VRIZX) » (ONS(33)
s VRMY ) o (ONDDS (24 ) o VRMZ) s (ONNS( 361 s VRMPNTI ) » (ONDNS(38) s VRMYN1) 2 {ODDS
G (7)) VRPN

FOQUIVALFNCF (CNONS(38)+CX1o(ONNS(29) 9 CXMD 19 (ODDS(40)9CZ)

1 (ODNDS(4Y)YsCZMN Y9 (ONN3IA2Y9CCH) o (ONDS(42)sRHO) s {ODNSL 44 ) 9yRHON) »

2 (ODDSL45)sR)«{CNNS(4B)I 1RO 2 (ODDSIATIsHAETIH(ONDS(48)sAY 2 {ODDS(49)
2 VE)H (NANSIRDY 3GV ) s {ONNS{RI ) s 2AR s (DNNSTS21 9 FPA) s (OPDS(53) 1 XMNDOT ) s
4 (ORDS(RL4Y9HI S (ONNS{RR) yDHA) 9 (ONNS(B5A 9 PHAY)

CAUIVALFNCE (ORNRS(57)9FA)

FRUIVALFMAE (TARS(1)9ALT(1)) o (TARS(B9) sPRFSS(1) )

T(TARS(2AS )Y s ALPHAT(1 Y )2 {TARS{203V9TCZ(1)) s (TARS{A41)sTCZP(1) )
20TARS(279) s TCZPPIY)) o (TARS(4ITYsTCX(1)) 9 (TARSILETYsTCXP(1) )
A(TARS(495) s TCXPP(])) -

FOUIVALENSE (VEX(1) e XNI1Y) o (VEX{4)sURPOT(1)) s {VFX(T)9sXBAR(1) )
TOVEXC10) o XLAMTCI )Y o IVEXEL2) o XLAMIT(I) ) o (VEX(16) o XLMID(1)) s (VFX(19)
2oXLMTIINEY1)Y Yo (VEX{22)sUB(C1) ) s IVEX(25) s XLAMT)

SOUTVALENCE (XN(1) s XNX) o {XN(2) s XNY )9 (XN(3)9XNZ)

FAUTVALFNCE (URPDT(1)aUN s (URNOT(2)aVN) s (UanOT(2) +WD)

FRUIVALENZE (X2AR(1)eX)1 s iXRAR(2VsY ) s (XRAR(3) 92

COUIVALENAF (XLAMTUY )Y o XLAMY ) o (XLAMT U2 ) o XLAMD Y o (XLAMI(3) s XLAM3)

EQUIVALENCE (XLAMIT(1) «XLAMG)Y o {XLAMIT(2) o XLAMB) o IXLAMIT(3) s XLAMS)
FAUIVALFNCE (XLMIDC1) o XLAMIDY o (XLMID(2) o XLAM2D) 9 (XLMID(3) s XLAM2D)
FQUIVALENCE (XLMIIDC(T1) oXLAMAD) o (XLMTIID(2) 9 XLA-SD)Y s (XLMIID(3) s XLAMS
10
FOUIVALFENCFE (UR(1)92U) o (UBI2)9sV)s (UBRI3) 9w
CPrHON MASCNY
DIMENSTION MASCZOM(693)

DIMENSIOM ODDS(100) »TABS(568)+YEX(25)

DIVENSINN ALT(88)PRESS(27)

PIMENSTON ALPHAT(28)9T7Z(28)sTCZP(38)9TCZPP(3R)sTCX(38)sTCXP(38))
1TCXPP(3R) '

DIMENSTON URNNT(3) 9 XN(2) o XRAR(3) 9 XLAMT (2 ) 9 XLAMIT(3) o XLMIN(3)
IXLMIIN(3),UR(3)

DOURLF PPFECISTION DFLAy NELAZ24H2

DOURLE PRFCISINN FA

NOUAILF PRFCISICN NDFLsSTORFWNCeDASDA

NDOUBLE PRECTSION MASCOMsODDS s TARSIVEX s ALF9yRALF sCRALF ySRALF 2ALFY
1 RALFYSsCRALFY «SRALFYsPHIQsrPHIOISPHIOA0 PHIPsCPsSPsPHIY
2 sCYsSYIPHINsCRISRIOMEGA 9 wFE X s WEY s WEZ s VR VRX 9 VRY 9 VRZ 9 VRMX g VRMY 3 VRiAZ
2 JVRVPD]1 +VRMYN1 s VRMRN1 o CXsCXMD 9 CL 9 CZMD sCCyRHOIRHON IR IROSHGT 9A
4 VVIOGMaGGGIFPR 9y XMNOT oHePHASPHAY s ALT9PRESSHYALPHATSTC2
STCZP s TCZPP I TCX s TCXP s TCXPP 9 XNyURDOT 9 XBAR s XLAMT o XLAMI T o XLMID s XLMIID
6 URsXLAMT 4 XNX o XNY 9 XNZaUD VNN XY o Za XLAMYL s XLAM2 s XLAM3 oY A4
T XLAMS o XLAMB o XLAMIND o XLAM2IZN 9 XL AMAD g XLAMEGN 9 XLAMBD o XLAMEBD « sV oWy
BSPALFPLCRALFP

DOURLF PRSCISION SRAO0Z+CRANDI+RPHIOZRAD

NFEL=el

STNRE = ALF

DV NI AP

> st < e s s o =
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ALF = STORE + DFEL

CALL PRELOD
CALL GETH

NA=H

ALF = ALF + DFL
CALL PRFLOD
CALL GFTH

nR=H

ALF = ALF + DEL
CALL PRFLND
caLtL GETH

NC=H

ALF = STORE - DEL

caLL PRFLOD
caLL GFTH
NDA=DA-H

ALF = ALF-DEL
CalLL PRFLOD
caLl GFTH

N3 =DR-H

ALF = ALF-DFL
CALL PRFLOD

PHA=(475%NA-,15%DB+DC/60.1/DEL

CALL GFTH
DC=D(C-H

SDA = SNGL(DA)
SNPR = SNGL(DB)
SPC = SNGL(IDC)

WRITF(651000) SDAYSDRSDC
FORMAT (26 VALUES DAsDBsDC USED TO COMPUTE PHA/10X»3(E144895X))

ALF = STOQPF
STCRE=ALFY
ALFY=STORF+NFL
cALL PRELOD
CALL GETH
DA=H
ALFY=ALFY+DFL
CALL PRFLOD
CALL GFTH
NR=H
ALFY=ALFY+DFL
CALL PRFLOD
CALL GFTH
NC=H )
ALFY=STORF-=-NEL
CAlL PRELOD
CALL GFTH
NA=DA=M
ALFY=ALFY=-DFL
CALL PRELOD
CALL GRTH

PR =DR-H
ALFY=ALFY=DFL
CALL PPFLND
CALL GFTH
NC=NC-H

PHAY=(.75%#DA=-«15%NB+DC/604)/DEL

SDA = SNGL(DA)
she = SNGL(NR)
SDC = SNGLINC)
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WRITCE(A2000) SDALSDRLSDC 17
N0 FORMATI37H VALUFS DAsDRBDC USED TO COMPUTE PHAY/10Xs3{EJ4,8+5X))
ALFY=STORE
CALL PRELOD
CALL GETH
RETURN
FNR
EYC PDHY
SURRQUT INF POHY
FQUIVALENCFE {(MASCOME)sDNNSE]1) ) s (MASCOMI101) 2 TARS(1)) 2 {MASCOM(669)
1sVEX(1))
FQUIVALFNCE (ODNS(1) sALF) s (CDDS(2) sRALFIIODNNSI2) s CRALF) 2 (CDDS (4 )y
1 SRALF)Ys(ODDNS(BIsALFY )Y+ (ODNDLIG) sRALFY ) s (ODNSTT)YsCRALFY ) (ONDS(8)
2 SRALFY)s(ONNS(Q)sPHIO)I »(ONDS{101sCPHIO)I s {ODDSI1T 1 9SPHIOY s (CNDS(LY

23192019 (0NNS(13)sCRADN) s (ONNS( 141 9 SRAQI) 2 (CNDS(15) sPHIP) s (ODDS(16)

CPY s {ONDSEITYsSPY s (ONNSTIRY sPHIY ) o {ONNS(1GY Y19 (CPDS(2N)95Y) e

(ONNS(2114PHTR)Y S (ONNS(2219CRY 9 (ONNS(221sS5R) 9 (ONNS(24) OVEGAY »

(OPNS({28 ) swFX )9 {ANNSIIAY s WEY ) s (ONNS{DTYI9AFZ) s (CONS(28Y VR 5 (ONNS

(201 4VRX)s{OPNSL2A0) s VRY 15 {OPNS( 2119 VRA) s {ONNS(12) s VRMX) 9 (CPNS (33

sVRVMY ) s (NDNS(24) s VRYZ) s (ONNS(35) s VRYPNDT 1 o (ONDS(36) s VRHMYNIY 9 (CDHNS

{37)sVRMED)

FOU]VALCﬁ(F {ONNRS(2AR) ¢ XY o (ODNS(29) o CXMD ) 2 (ONNSL40) 9C2) s

1 (oOPRS(4Y1)ecZMn Yo (OPDS(a2 ) s (ONNS(42) 9RHO) 2 (ODNS(44) s RHONY »

2 (OPNS(45) 9P o {0PDS (46012 (ONNSI4TIsHAETIS(ODNNS (4R 9A) 2 (GNDNS(4GY
2 VMY (ONPDSIR0) sG¥) 9 (ODNSIHT1 ) 9 GGGRY s (ONNS(52) 9 FPA)Y s (ODDL{53) 9 XMDGT ) »
4 (CDDS({54) 9H) « (ODDS(H55)+PHA ) 9 (ODDS(56) s PHAY)

FAUIVALFMCE (ONDNS(5T)9FA)

EOUIVALENCF (TaaS{11v9ALTI1Y)» (TANSIRO)SPRESS(1) )
1(TARS(24A8) o ALCHAT( 1) )19 (TAPS(202y9TCZ (1)) 9 (TARS(241),TCZP (1))

S 1TARS{ 2701 TrZPP 1YY o (TARS{41 ) TCX (1Y) 2o (TARS(45 7y s TCXP LYY )
A{TARS(498) s TOXPP (1))

FOUVALFNCF (VEX(T) o XNC1IY) o (VFX{GYSURDCT(INY o (VEX(TY o XBAR( 1))
TAVEXTI0 Y o XLAMT L) ) s LVEX(TRY o XLAMIT O o (VEXL16) o XLMIDUY )Y o (VEX(19)
2eXEMIIN{IY ) o {VEXI22)9JBIT) ) o {VEX(28) s XLAMT)

FAUIVALENCF (XNCT) o XNXY o [XME2Y o XMNY Yo (XN{314XNZ)

FAUIVALFNAE (URARCTI1YsUNY S (LURNOTI(?2) VM) o {URNOI(3)suD)

FOUIVALFNCE (XRAR(1) X))o {XRAR(2) Y ) s (XPRAR(3)2)

FAUIVALFNCE (XLAMATC1 Y o XLAMY Yo (XLAMI(2) o XLAM2) o (XLAMT {3 ) o XLAM3)

FQUIVALENCE (XLAMITUY Y 9 ALAMLY s EXLAMIT(2) o XLAMS )Y o {XLAMIT{3) s XLAMS)

FOQUIVALENCE (XLMID{Y1 Yo XLAMID) s (XLMID(2) s XLAM2D) s (XLMID(3) s XLAMAD)

FQUIVALFNCF (XLMIID(1) o XLANMAD) 9 (LXLMITID(2) s XLAMSD) v (XLMTIID(3) 9 XLAMS
1M

FAUTVALENAE (Ur({Y1)sU)s(UR(2)aVIes(UR(3)eW)

COMMON MASCOM
DIMEFNSION MASCOM(6913)

NIMENSTINN ORNS{I100) s TARS(868)VFX(25)

NDIMFNSION ALT(88)+PRFESS(A8)

CIVENSTON ALPHAT(38)eTC2Z{3R) s TCLP(38)»TCZPPI3E) s TCX(38)sTCXP(38)
1TCXPP(38)

DIMENSTICON UaDOT(3) o XN(2) o XRAR(3) 9 XLAMTI (3) 9o XLAMIT(3) o XLMID(3)
IXLMTIIN(3)yUR(Q)

DIMEMSINN STNRE(2,
NEURLFE PRECISION NELUZWOAFLUsNFLXINFLX? 9H23STORF

NOURLF PRFCISINN MASCOMsnNNSy TARSsVFX s ALF o RALF o CRALF s SRALF2ALF Y

RALFEY srRALFY s SRALFY osPHTIQ9rPHIO»SPHIO A PHIPsCPsSPyPHLY

sCYsSYIPHIRICRISRIOMFEAIWFX g WEY sWFL9VRIVRX 3VRY s VRZ s VRMX g VRIY s VRMZ

s VRMPNT s VRMYN T s VRMRNL o CX 9 CXMD 9 CZ 9 CIMD s CCoRHOIRHONIR 1RO HGT A

VMyGMaGOGIFPA s XUDOT sHePHASPHAY s ALTaPRESSYALPHATTC2

Nolih RN e IS L RS

s —

i STCZP o TCZPP A TCXy TCXPy TCXPP o XN UBDOT s XBAR s XLAM T s XLAMT ToXLMID s XLMIID

& URIXLAMT o XNX o XNY s XNZsUDsVDoWD s X9 Y 02 s XLAML o XLAM2 9 XLAM3 9 XL AMG y

A b T =
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7 XLAMS 9 XLAME s XLAMID o XLAM2D 9 XLAM3D 9 XLAMSGD s XLAMSD 9 XLAMED sU sV oWy 18
BSRALFPsCRALFP

NDOUBLE PRECISION FA

DOURLF PRFCISION SRAO09sCRAO9+RPHIOSRAD
NELX=100,

h‘LU:TO.

DELX2=200,

DELUZ2=20.

Nno 1000 1=143

STORF(I1)=XBAR(I)

XRAR(I)=STORF(I)+DELX

CALL PRFLOD

CALL GEFH

H? =H

XRAR(IV=STORE(T)-DELX

CALL PRFLOD

CALL GFTH

XLMIN({T)=(H=H?)/DFIL X2

XRAR(1)1=STOPF(1)

STORE(T1)=U8B(T1)

UR{1)=STORE(1)+DFLU

CALL PRFLND

CALL GETH

H2=H

UR(T)=STORE(])=~NELU -
CALL PRELOD

CALL GFTH

XLMITR(TI)=(H=HD2)/NELU2

Ua({1)=STORE(1)

Lﬂ FOMTINYS

CALL PRELND
FALL GFTH
RFTURN

FND

“TC STF?

SURROUTINE STF2(NDFRIV)

EQUIVALENCE (MASCOM{1)+CDNS(1)) s (MASCOM{101)9TABS(1))» (MASCOM(669)
1HVEX(1))

FRQUIVALENCFE (OPNRST1)9ALF I 5 (ONNS(2) sRALF) s (ODNS (3 sCRALF ) » (ODNSTA)
1 SRALF) s (ODNSIEYsALFY ) o {ONNS(6)sRALFY) s (OPNS{T ) sCRALFY ) s (ONNS(R)
2 SRALFY) s (DNASI0)sPHIN) s LONNS(10)sCPHTOY s (ONNS(11)sSPHIM) 2 (ONPS(12
2) 9 A0) 9 (OPNS(12) 3 ARA0D) 9 {ONNS{14)9SRAVG) s (ONPNSI1R)sPHIP s (ONPS(16)
CP)Ys(OPNSI1713SP)I s (ONNSTIR)sPHIY) s (ODNS(19)9CY ) o (ODDS(20)9SY)
(OPNS(21)sPHIR) S (ONNS(272) s CRIALONNS{23)95R) s LONNS(24) »OMEGA) »
(ONNS(25) s wFX) s (ONNS(26) sWFY )2 (ONNSI2TYsWFZ) s (ONNS(28) s VR) 9 (ONDS
(291 sVRX)»(ONNS{20) sVRY ) 9 {ODPNS (319 VRZI o (ONNS(32) s VRMX) 9 (ODNS(373)
s VRMY ) 3 {ODPS 134 ) s VRMZL) 9 (ONBS(35) s VRMPN1) s (ONNS(36) 9 VRMYN1) 9 (ODDS
3 (37)sVRMRD1) .

EQUIVALFENCE (ONNS138)9CX) 2 (ODNSI3F)aCXMD 19 (ODDS(L0)CL)

1 (ONNSL4T1) 902D ) o (ONDS(42) 9GCY 9 (ONPDSI43) 9RHO) 9 (ODDS(H4) sRHON ) »

2 (ONNS{LG) IR« {ONNSLLB)IRD) 2 (ODNSI4T)IsHAT)Y 9 (OPDE(A4B)sA) 2 (ODNS(49)
3 VM) o (OPNSIEN) s M) s {CPNSIRY ) 9 AGEAYT s (ODNSI52) s FPAY s (ONDS(53) 9 XMNOT ) »
H (OPNSIR4)sH) o (ODPNSIRRI P PHA Y 9 (ONNSIS6) s PHAY)

FALUT LENCF (ONNS(&T)4FA)

FAUL  LENCFE {(TARS(1)sALT(Y)) o (TARS(RO)YIPRESS(1) )
1(TARS(266) s ALPHAT(1))9(TARS(202)sTC2(1) o (TARS(341)9TCZP(Y) )y
2(TARS(279) s TCLZPPUIY) o (TARSILIT) s TCX{1) ) o LTARS(45T) o TCXP (1) )y
A(TARS(495) s TCXPP(1))

FOUIVALFNCF (VEXUI) o XML ) ) o (VFX(4)sURDOT(1) ) e (VEX(T)sXBAR(1) )
TUVEX(10) o XLAMI (1)) o (VEX(13) o XLAMIT (1)) o (VEX(16) s XLMID(1) )9 (VEX(19)

D VI » P




R

e, e DR TR DTN

t

2aXLMIIN(IY ) o (VEX(22)9UB( 1Y) o (VFEX(25) s XLAMT)Y 19
FOUIVALENAE (XN(1) o XMX) o {XMN(2) o XNY ) o (XN(2)4XNZ)

FOUTVALFMCFR (URNOT(11sUN) s (LBNOT(2 )9 VN) s LURNOT (2) 9 WD)

FAUIVALFNCFEF (XRAR(1) X)) s {XNAR(2)sY ) s (XRAR(2) s Z)

FQUIVALENAT (XLAMICT)Y o XLAMT Y o (XILAMT(2) o XLAMZ) o (XLAMI{3)aXLAMY)
FQUIVALENCE (XLAMIT(1) o XLAMG) s (XLAMIT(2) o XLAME)Y 9 (XLAMIT(3) s XLAME)
FQUIVALENAE (XLMID(1 ) o XLAMIDY s IXLMIDI2) o XLAM2D) o (XLMID(3) o XLAM2ZD)
EQUIVALFNCE (XLMITIDOT1) s XLAMAD ) o (XLMTIID(2) o XLAMSD) s (XLMIID(2) s XLAME
T

SAUIVALENZE (UR(T1)sU)Y o (UB(2)sVIes(URL(3) W)

COMMOMN MASCO™M

DIMENSION MASCOV{693)

DIMENSIOM ONNS{100) s TARS{E68)sVFX(25)

NIMENSTINN ALT{8R)sPRESS(ARA)

NIYFNSTON ALPHAT(28)9T72(38)9TCZP(3R) s TrZPP(28)sTCX(38)YsTCXP(38)
1TCXPP(38)

NIVFNSTION UPNOT(3) e XN({3) s XRAR(3) o XLAMTI(2) o XLAMIT{3)sALMIN(3 )
IXLUIINE3) yUR(3)
DIMENSICON DERIVILDS)
DOUBIE PRFCISINN DERITV

DOUBLE PRFCISION MASCOAsONDSs TARSIVEYX s ALF sRALF+«CRALF9SRALF 9ALFY
RALFYsCRALFY s SRALFYsPHIOsCPHIOSSPHIC A0 HA099sCAO9IPHIPICPoSPsPHIY
sCY oSYsPHIRWCP s SRIOMEGAIWFRIWEY sWEZoVRSVRAIVRY sVRZ 9 VRMA9VRMY s VRIMZ

s VRMPD) s VR™MYNRT s VRVMRN1 s CA 9 CXMD 9 CLsCLMD s CCoRHUIRHOD IR 9RC o HGT oA
VVisGMaGGGaFPA o XisDOT sHePHASPHAY ¢ ALT 9 PRESSsALPHAT 9 TC2
STCIPsTCZPP s TCXsTCXP o TCXPP o XNoUPNIOT 9 XBAR S XLAMI o XLAMIToXLAIDSXLMIIDy
6 URGXLAMT o XMX e XNY 9 XNZ o DoVNowDoXsY s Z s XLAMT o XLAM2 o XLAMT 9 XLAMSG »

T XLAMB o XLAME o XLAMIN e XLANMIN 9 XLAVAD s XLAMLD s ALAMSD s XLAMED sU sV ol
BSRALFPCRALFP

DOURLFE PRECISINNM FA

DOURLE PRFCISION SRAQ9sCRAQDIIRPHIOSRAD

NN 1000 1=1+3
I, DFRIVID)Y=UR(D)

I DFRIV(I+3)=UanOT(1)

DFRIVII+6)1=XLMIN(T) ‘
DFRIVITI+9)=XLMIIN(])

RETURN

END

ITC STF1

SURROUTINF STF1(XVaAL)

FQUIVALFNCFE (MASCOMEY1)Y»ONDS (1)) 9 (MASCOVY(101) s TARS(1)) s (MASCOM(4K9)
ToVEX(1))

FQUIVALFNCF (ODDS(1)2ALF) s (ODNS{2)sRALF)I 2 (CONDS(3) s CRALF I {ORNS(4)
1 SRALFI»(ONNSIR)sALFY ) o (ONDNS{E)YIRALFY ) s {ONRSTIT)YsCRALFY I (ONNS(R)
2 SRALFY)slONPNS(Q)sPHTIO) s (DOPNSI10) s CPHIO s (ONNS(11V9SPHIO) o (ONNS(Y2
‘ 3)2A0) 2 {ONNS(12)9CRACA) o (ONNS(14)9SRAVQ) « (ONNSTIEYsPHIP) s (ODNS(16)
i

E R

t g g P A o i s

gt iy oL
o)

4 CPY»(OPPSE1ITYeSPY o (ONPE(12) sPHTIY ) o (ONNLI19)9CY ) o (OPDC(20) 95Y )y
(ODNS(21) 9 CHIR)I S LODNL(22)19CRI(ODDS(23155R) 2 (ONDL(24) sUMEGA Y
(OPNSI26)Y s WFX ) (OPNNS{26) oviFEY Yo (ODDSI2 T 192y o (ONDS(28)Y5VR) 2 LODDS
(20)VRXY s (ONNST20) s VRY) s (ODDSTAT ) s VRZ I 9 (ODNS{32)1 9 VRIMX ) (CDNS(23)
} sVRIEY )Y o (NNNS {24 ) o VRYZ Y s (ONNS(26) s VRMPN ] ) 9 (OPNS(26) 9 VRMYNT) 9 (ONNS
(27)eVRMPNT)
\ FOQUIVALENCF (OPRNS(28)9CX) s (NPNS(23) s XMD ) 9 LODNS(40)Y s CZ ) o

1 (OPNSL41) o240 15 (ONNSI4a2) 2 CCHy (ONDS 431V IRHO) » (ODNS 44 ) +RHONY »
2 (ONNS(451eR) (ONPSLAB)I RO {ONNSI4TYsHAT)IH(ODNDSLLBY2AY» (ODDS(4G) s
2 UMYy (ONNS(R0) oMY 9 (ODNSI81 Y o GGG (ODPNS(H5Z2)1 2 FPA)Y s {ONDS(53) o XMDIT ) »
4 (ONNSLRL)sH) s (ODDNSIKR)sPHA) 9 (ONDS{58) 9 PHAY)

EQUIVALENCE (ODNDS(57)sFA)

FAUIVALFNGE (TARS(1)+ALTI1)) o (TABS(89)sPRESS{1) )

I 1(TARS(265) sALPHAT(1)) s (TARS(303)9TCZ(1) ) (TARSI341)+sTCZP(1) )y

i

DX dOWD,

,' N  —
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2(TARS(370) 9 TEZPP( 1Y) o (TARS{AT 7)Y« TCX(1) ) s (TARS(LST)9TCXP(]1) ) s 20
A(TARS{495)sTOXPP (1))

FAUIVALENAE (VEX(1y o XN 9 (VEX{4Y)Y sURNOTL{TIY ) o (VEX(TjoXRAR{T) ) s
VAVEX(I0)Y o XLAMT (1)) o EVEXT 12y s XLAVYIT (1)) o (VEX(16) s XLMID(TY )9 (VFEX(19)
29XLMTIINCIYI Y (VEX(22)sURETIY ) o (VFX(D2R) o XLAMT)

EQUIVALENAFE (XNCT)Y o XMX)Y s (XNI2) o XNY ) s (XM (3) s XNZ)

FCUIVALFNAFE (URNOT(1)9UN) o (URNAT(2) VM) s {URNDT(3) 9wN)

FRAUTIVALFENCE (XRAR( 1) 9X) o (XRAR(?2) oY) s (XRBAR(3)9Z)

FQUIVALENCE (XLAMI(1)oXLAMY )Y o (XLAME(2) o XLAM2)Y o (XLAMI(3) s XLAM2)

FGUIVALENCE (XLAMITUO1) o XLAMLG) o (XLANMITE2) oXLANMS) s (XLAMIT(3) 9 XLAME)

EQUIVALENCE (XLMINC1) o XLAMID)Y o {XLMID(2) s XLAM2D) o {XLIZID(3) o XLAM3D)

FQUIVALFNCFE (XLMIID(1) o XLAMAD) 9 (ALMTIIR{2) o XLAISD) o (XLMIIDI3) 9 XLAMSG
1D)

CQUIVALFNAF (UR(1YsUY o (UR(2)YsV)Is{UP(2)9Y)

COVMON MASENM

DINMFNSIAN MASCON(601)

DIMENSTON ONNS(100) s TARSI568)sVFX(Z5)

NDIMEFNSION ALT(88)sPRESS(88)

DIMYFNSTION ALPHATI(3R)YsTCL(28 )9 TCZP(38)+TCZPP(28) s TCX(38)YsTCXP(38)
1TCXPP(38)

DIMENSICN URNCT(3) 9 XN{3) s XBAR(3) s XLAMI(3) o XLAMIT(3) 4XLMID{3),
IXLMIINE3) s UR()

DIVENSION XVAL(14)

DOURLE PRFECTISION  XVAL

NOURLF PRECTISTION MASCOMsODDS» TARSWVEAXsALF+sRALF 9 CRALF 9 SRALF s ALFY,
Y RALFYsCRALFY 4SRALFY sPHIOSCPHIO«SPHINIAQsSA09sCAOQsPHIP sCPoSP4PHIY
? sCYsSYsPHIRIMReSReOMFGAIWF KXo WFYsWEZ s VReVRX s VRY 9 VRZ s VRMX 9y VRMY s VRMZ
2 g VRMPDT s VRUYNT 9VRVRNT 9 CX s CXUN 3 C29CZ2MN 2 CCIRHD9RHOD IR sROIHGT 9 A
O VYMyGMyQOLCE s FPASXUNDT s HePHA sPHAY s ALT9PRESSsALPHAT s TC2»
STCLP s TCZPPyTCXaTCAP s TCXPP o XNsURNOT 9 XRAR s XLAMT o XLAMI T XLMID s XLMIID
6 URyXLANMT 9 XNX e XNY 9 XNZ oUDsVN oD s XY 9 Z s XLAMI o XLAM2 s XLAMS3 o XLANG
T XLAMS o XLAVE o XLLAMID s XLAM2D o XLAM3D s XLAMAD s XLAMSD o XLAMED sUsV aW o
SRALFPSCRALFP

DOUBLF PRFCISION FA

DOURLE PRECISIOM SRAO9sCRANIBIRPHIO

NO 100N (=197

XVAL{1)=XRAR(T])

XVAL(T43)y=UR(T)

XVAL(T+6)=XLAMTI(])

WOXVAL(T+9)=XLAMTITI(])

RFTURN

. FND
ITC STF12

SURROUT INF STFa{XVAL)

EQUIVALENCE (MASCOM(1)+0DDS(1)) s (MASCOM(10))9TABS(1) )9 {MASCOM(669)
TeVEX(1))

EQUIVALFNCE (ODDS(Y1)sALF) « LODDS12) sRALF )Y o LUDDS{3) s CRALF) 2 LODNS (L) »
1 SPALFY»LODNS{SH)sALFY ) 9 LOPNS(6) v JALFY ) s (UNNS(T)9CRALFY ) s (ODDS(8B)
2 SRALFY )+ (ONNS(Q)sPHTO) » (ONPNS(10)9CPHIN)I» (ONNS(11) s SPHIO) » (CANS(12

; )2 A s (ONNAS(12) 9rRADA) S (ONNS L1411V 9sSRAOQ) s (OPNSI1B )9 PHIP) 9 (ONNS(16)
: FO)s(ONNS{17)eS5PY s (OANRSIIR)9PHTIY ) 5 (ONRS(12) 7Y ) s (OPNSI20)95Y )y

) & (ONRSI21)9sPHIRI s LONNSI22)97RY 2 (ONNSI22) 1SR » (ONNLI24) yOMEGA Y »

j & (OPNSI28) s WEX Y9 (ANNS 26 ) s WFY ) s (ONNSID 7Yy WF 22 (ODPNSI28) 9sVR) 9 (ONNS

T {203 9VRX) 9 (NADNS(20) 9y VRY ) s (ONNSE3T 1 VRZI W (ONNS{32) s VRM X} 9 (ONNS(33)
R
: ;

L

VMY ) s (CDNS(34) s VRML) 9 (ODNS(38) 9 VRMPNT ) 9 (ONNS(36) s VRMYN]) » (GDDS
(37)sVRVRDY)
FOQUIVALFENrF (ONNS(38) s X ) 2 (ONNSI39) 9 CXMN ) o (ODNSLILO) 9C2 Y s
1 (ODNSE41)sCZMD 1o (ODD(42)9CC) s (ODDSL43) sRHO) » (ODDS(44) yRHOD) »
2 (ODNSEA5) IR »{ONNSI4HY 9R0) 9 (ODNS(LT)IIHGT I 9 (ODNS(4B)I1A) 9 (ODNS(LU9)
b3 VM) (OPNSIB0) sGM v (ONNSIBT1 )1 9GGG) 9 (ONNSI5219FPA) » LODDS(53) s XMDOT )
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ERLIVALENCE (ONDS{5T)eFA)

FQUIVALFNCF (TARS{1)YsALT(Y1 )Y s (TARS(BO)sPRFSS(13)
1(TARS{248) s ALPHAT({ 1)) o (TARS(A02)9TCZ(1))a(TARS(341)sTCZP{1))
2(TARS(3T70) o 1P o {TAAS(LIT)Y o TCX(11) s {TARS(45T)»TCXP{1Y )

3(TARS(4GR)Y s TAXPP(1))

FQUIVALENAF (VFX(T1) o XNIT)) o (VEXL4)YsURDOT (1) s {VEX{T7)sXBAR(1)) s

REPRODUCIBILITY OF THE ORIGINAL PAGE 1S ueze;
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.
D ;
4

21

TCVEXC10)Y s XLAMT U)o (VEX( 12y s XULAMIT(1Y )2 (VEX(16)+XLMID(1)) s (VEX(19)

2oXLMIINEIN ) o (VEX(22)sUBT1) ) o (VEXI25) o XLAMT)
FQUIVALFNCF (XNCEY) o XNX) o IXNED) o XY ) o (XN(3) 9 XNZ)

FAUIVALFRNCT (URNDT 1) 9uN ) o (URNDOT(2)sVN)«(URNOT(3) 9WD)

FOUIVALENCF (XRAR(1)9X) s (XRAR(2) Y ) s (XRAR(3)s2)

FAOULIVALENCE (XLAMT (1) o XLAMY Yo (XL AMTI(2) o XLA2) o {XLAMI(3) s XLAM3)

FAUIVALENCFE (XLAMITOV) o XLAMAY o (XLAMIT (DY o XLAMA) s (XLAMTIT () o XLAMSE)
FAUIVALFNCFE (XLMID(1) o XLAMIN) o (XLMIND{2) o XLAMZD )Y o (XLMID(3) s XLAMAD)
FQUIVALFENCE (XLMITID(1) o XLAMAD )Y s (ALMTIN(2) s XLAMSD) o (XLMIID(3) s XLAME

1n)

FOUIVALFNAF (UR{T1YsU)s{UR{2)sVIes(URI3) %)
COMMNN MASCOVM

DIMENSION MASCOM(693)

PIMEMSTION ODRNSE100) s TABS(568)sVEXLI25)
DIMEMSION ALTIBB)9sPRESH{88)

DIMEMSTON ALPUAT(38)sTCL(38)sTCZP(3R) s TCLPP(38)sTCX(38)sTCXP(38))

17CXPPR(28)

DIMENSTON URNNT () o XN(2) s XRAR(3) o XLAMI (3 ) s XLAMIT (3) o XLMID( 3

IXIHTIN(2) 4 UR(2)
NIMENSTON XVAL(14)
NOURBLF 2PFCTISION  XVAL

NOURLE FRFCISICN MASCOMsONNSs TARSsVEX s ALF9RALF s CRALF 9 SRALF 9ALFY s

1 RALFYsCRALFY sSRALFY sPHIOsCPHIOsSPHIUIACISAOOsCAQO9sPHIPICP ISP sPHIY
2 s CYsHYIPHIR e ReSReOMECA s wFAsWFY s wWFZ s VR aVRIX 9 VRAY s VRZsVRMX s VIRMY s VRMZ

3 GVRMPNIsVRIYNT W VRIMRDT s CX 9 CRMAD 9 CLsCLYN s CCIRHOIRHOD IR 9RO s HGT s A
6 VMeGMaGOGsFPAsAMDCT s ks PHA s PHAY sALT 9y PRESSsALPHAT 9 TCZ s

STCZP o TrLPPaTOX e TCXP s TCAPP 3 ANSURBNDOT o XBAR ¢ XLAMY o XLAMT T o XLMID o XLMIID

6 UP s XLANMT o XNX o XNY o XNZ ouUDsVN WD e X e v 9L o XLAMT s XLAMZ2 s XLAMI o XLAM4
T XLAMS o XLAME o XLAMID o XLAMZ2D s XLAMAD o XLAMUGD y XLAIASD s XLAMSD sUsV eWo

: BSRALFPSCRALFD

|
|

NAURLE PRECISINN FA

NOURLF PRECTSTON SRAQ9SCRANG SRPHIOSRAD
NN 1000 I=14%

XRAR(T)=XVAL(T)

URET)I=XVAL(T+2)

XLAMICTI ) =XVAL(I+6)

10 XLAMTT(T)=XVAL(149)

! RETURN

LFND

!TC SHIFT
SURROUTINFE SHIFT (AsnyK)
NDIMENSION A(14)+8(14)
nOtiRLF PRECTISION  AyR .
nO IN0D T=1e K

0O A{T)Y=R(T)
RETUPN

{ [ .\La

TC TGRATFE
SURROUTINE TORATF(NINDT)

DIMENSION XVALU14)9STORV(1494)sSTORX(14)yPCNI14)
DOUBLFE PRFCISTION STDRVILTORXPCNsXVAL

IF(N.HT,3) GO TO 1000

CALL PODHY

—— -

e w.——-—.—-—v‘v——r '




~ sy e 5

e 1V

CALL GFTH 22
CALL RXINT(NT)

CALL STF2(STNRV{1sN}))

RFETURN

L0 CNMTINUF

CALL STF1(XVAL)

CALL PDHY

CALL GFTH

CALL STF2 (STDRVI(1s4))

CALL SHIFT{STORXsXVALs14)

ARy T

PRFDICTOR ~ ADAMS RASHFCRTH

NN 1100 T=1414

XVALITI)=STORX{ ) 4DT# (=9 *¥STDRV(191)+37e¥STDRV(192)=89¢%STDRV(13)
. 1+5C4%STPRY(T194))/24,

00 CONT INUF

NN 1200 JU=1,13

00 CALL SHIFT(STDRVI1sJ)9STDRV(1sJ+1)14)

S A R T

CORRECTCR -~ ADAMS BASHFORTH

CALL STF3(Xval)

CALL PDHY

CALL GFTH

CALL STE2(STPRV(144))
NO 1300 I=1s14
STORX(T)1=STOARX(TI)+NTH#(STNRVIIs1)=5*%¥STNRVIT921+19.¥STNDRVIT93)
i 1+G#STRRVII4)) /24,

N0 PCN(T)=STORX(1)=-XVALI(T)
CALL STF3(STORX)

N0 RETURN

END

FTC COMV

SURROUTINF CONV(RsAyK)
DIVMENSTINAN A(2)R{2)
REAL MINUS

NATA PLUS/1H+/ sMINUS/ 1K~/
FOUIVALFNCE(FX9TEX)

NO 1000 [=1sK

1FX=0

JJA = 5#[-3

X=A(])

IF(X) 1005+1001,1010

N1 RIJJIAY=PLUS

{ RIJJA+2) = PLUS

i RIJJA+T) = 0,40

© ENE I YNG4

"

R Tt ATt RO

6o TO 1000
he a(Jyr)sMINUS
X= =X

GO TN 1020
bo Reuum = pLUS
CONT INUF
R{JJA+2) = MINUS
[IF{XetTele) GO TO 10135
RlJIJA+2)Y= PLUS
5 TF(XaLTela) GO TO 1040
IFX=T1FX+1
X=X/10.
6N T0 1025

o
OO




8 IE(X.FF,el) £O TO 1040 23

3
3
%
%
&
3
E
k2
¥

TEX=1FX+1
X=X*¥10,
GO 1O 1035

£y R{JUA+ 1) = X

¢
:
:
§

i

Eo R(:JA+3) = FX

r

§
§

RFETURN

£ aD

“ QKINT

SURRAUTINE RPKINT(NT)

NIMFNSTICN XK{1494) ¢+ STORX(Y4) o XVALU1&L)sNFRIVI14)sC(3)eD(4)

NAVRLFE PRITCISTION CoNFRIVINISTORX s XK s XVAL

C(1)=eF

C(?2)=e5

Ci3)=1,

NI1)=e16H6ERK6T

N(2)=4333332222

N(3)=e3232323273

NDI4)=,16666666K7

DO 1000 J=1.4

CALL STF1(XVAL)

CALL SHIFT(STORXsXVALs14)

CALL PDHY

CALL GFTH

CALL STF2(D=1V)

NC 100D T=1e14

XX (T3 J)=DNTENFRIV(])

TF(JNFLT)  XVALITI)=STORX(T)+C(J=-11%XK{(IsJ)
0 CONTINUF

PO 1100 I=1s14

XYALITI)Y=ST0RX(1])

DO 1100 J=le4

0OXVALIT)I=XVAL(T)+XKIT9J) %D ()

© SIS I Dy A S YT

CALL STF3(XVAL)
RETUPN
FaD
TC JBACNRA
SHRRAUTINF  JACOR(HHeNFL ] ,NFL2?)
FQUIVALFENCE (AASCOM{1)90NNS (1)) 9 (MASCOMITI01)9TARS{ 1)) 2 (MASCOM(66G)
T2aVEX(1))
FQUIVALENCE (ODNRS 1) sALF) s (ODNS(2) sRALF ) s (ONNS(3) sCRALF ) » (ODNS(4)
1 SRALF)»(ONNSIS)sALFY )9 (OPNS(6) sRALFY) s (ONNS{T)sCRALFY )2 (ONNS(R)
2 SRALFY )+ (0ODDS(Q) 9PHID) s LONNSI10)sCPHIO) s (ODNLI11 )Y sSPHIO) s (ONDS{12
)9 AD 2 (ONNSI12) 9 CRADG) 9 (CPNS{ 143 9SRACO) « (ONDSIIS) s PHIP) s LGDODNS(16)
CPYs(ONDSTITY sSSP s (ONDSIIR) $PHIY I s (ODDSL10) s CY )2 (ODDSI20)95Y )y
(ONNS(21)9PHTIR) 9 {CNNSI22) s CRI 2 (ONNSI22)195R) 2 (OPDS(24) s OUEGA) »
(OPNSI28) sWFX 3o {ONISI26) s aiFY) s (ONNSIDTYIWEZY s {ONDNS(28)sYR) s (ONDS
(2215 VPX) s (OANS(20) s VRY ) s (OPNS (2133 VRZ) 9 (ONNS (22 ) 3 VRMX ) 9 (ONNS(23)
sVRMY ) 9 (NANS{ A4 ) s VRMZY s (ONNSTAR ) 3 VRMPNT 19 (ONPST36) o VRMYN T ) 5 (OPNS
(27) 4 VRMRNDY) ’
FOUIVALFNCFE (OOMNSE2AR) 9/ X ) 9y (ONNS(20) s CXMN )5 (CDNSIL0YsCZ)
1 (OPNSLAaT)srZMD )9 {ONNSI42) 9 s ICNNS(43) sRHO) 9 (ONDNS(44) sRHON Y »
2 (OPNSTLR)IIR) s LONNST46) 9RO+ {ONNSI4TIIHET I (ONNS(4B)2A) » (ONNS(49) s
3 VM) (ONNSIR0) 9 GMY 9 (OPNSTRY ) 9 GGG (OGNDSIR2 ) s FPA) 2 {OPDS(53) o XMNOT)
¢ (ODNSURL)sH) s (ONNS(RE) s PHA) s (ONNS (56 ) s PHAY)
FQUIVALFENCE <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>